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ONE 
INTRODUCTION 
In this thesis we present an experimental study of a number of aspects of 
multiparticle production in hadronic collisions. More specifically, π ρ, Κ ρ 
and pp collisions are studied at an incident beam momentum of 250 GeV/c. The 
corresponding centre of mass energy is 21.7 GeV. 
The data of the experiment - approved under the code NA22 - have been 
collected during two running periods, in I982 and І98З, with the European 
Hybrid Spectrometer (EHS) at the European Laboratory for Particle Physics 
CERN in Geneva, Switzerland. The main characteristics of the EHS detector 
are a precise momentum determination of charged particles over the full ^п 
solid angle, powerful particle identification for these charged particles 
and detection of neutral particles in the forward centre of mass hemisphere. 
The experiment contributes to a systematic study of hadron-hadron 
collisions. Among the topics so far studied in the experiment are elastic 
scattering [1], diffraction dissociation [2], multiplicity distributions 
[З.1*]. single particle inclusive distributions [3.5]. inclusive resonance 
production [3.6], particle densities [7] and pT-effects [3.8]. 
In this work we report on a study of the charged multiplicity distribution 
and its phase space dependence and of correlations induced by the 
Bose-Einstein symmetrisation of the two particle wave function. The 
multiplicity distribution gives first global information on the production 
mechanism for particles. Bose-Einstein correlations can be used as a tool to 
determine the size of the space-time region from which these particles 
originate. 
In the collisions under study the initial particles are hadrons, i.e. 
belong to the family of strongly interacting particles. It is generally 
believed that hadrons are made of more fundamental 'pointlike' constituents 
called partons (the quarks, anti-quarks and gluons) and that the field 
theory (Juantum Chromo Dynamics (QCD) is a correct description of the 
interactions between them. In practice, QCD predictions are restricted to 
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high momentum transfer or 'hard' processes, where the coupling constant is 
small and a perturbative approach is possible. In hadron-hadron collisions, 
the overwhelming fraction of interactions correspond to low momentum 
transfer processes. For these low momentum transfer or 'soft' processes, 
perturbative QCD is not applicable. So far, these processes can only be 
described by phenomenological models. The success of models based on the 
parton concept, however suggests that the parton structure of hadrons is 
important for these kinds of interaction as well. A review of such models is 
given in ref. [9]. 
Soft processes are not only relevant for the bulk of the hadronic 
collisions, but also govern the final transition of quarks and gluons into 
the observed hadrons (the hadronisation) in hard scattering types of 
collision Hence, it is natural to compare multiparticle data from soft 
hadronic collisions to those from e e" annihilations and lepton-hadron 
collisions. Many models for soft hadronic collisions assume a universality 
in the hadronisation mechanism for these different types of collision. Since 
the initial state is a-priori different, such a universality does not 
neccessarily imply that all data look similar. 
The outline of this thesis is as follows. In the next section, we briefly 
review the most common variables used to describe a multiparticle process. 
Chapter 2 describes the experimental set-up and the data processing chain. 
The methods used for the identification of charged particles in this 
experiment are described in chapter 3· The study of the phase space 
dependence of the multiplicity distribution and the study of Bose-Einstein 
correlations is presented in chapter 4 and 5. respectively. 
1.1 VARIABLES IN MULTIPARTICLE PRODUCTION 
In the following, we briefly review the most common variables used to 
describe a multiparticle production process. For more details we refer to 
[9]. Consider the process 
a + b + hj^  + h2 + + h
n
 . 
Unless stated otherwise, the centre of mass frame is used, as defined by 
p
a
+ p b = 0 and E^Ej, = /s , 
for the four momenta (Ε,ρ) for the incident particles a and b. The direction 
of ρ defines the collision axis and Js is the total centre of mass energy 
available in the collision. 
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A first global characteristic of the interaction is the distribution Ρ in 
the multiplicity η of the produced final state particles. In general, only 
charged particles are counted. Instead of the distribution Ρ itself, one 
can use its moments to quantify the distribution. 
To characterise the production properties in more detail, one considers 
the four-momentum (E,p), or related variables of the produced hadrons. The 
most common type of distributions for many particle systems are 'inclusive'. 
By this is meant that one or more types of final state particle are studied, 
regardless of what is produced along with them, e.g. 
a + b •> hj^  + anything , (1.1) 
a + b -» hj^  + hp + anything . (1.2) 
As a first step, one studies single particle distributions of the type 
(1.1), while correlations can be studied in (1.2). The Lorentz-invariant 
single-particle momentum distribution is given by 
f(ρ) = E d3o/d3p . 
The three-momentum ρ can be split into the components p^ and p T, along and 
transverse to the collision axis, respectively. This gives a reduction to 
two variables, since the initial particles are unpolarised and only the 
length of the transverse momentum is relevant. For a first analysis, one 
studies single variable distributions by integrating over the other one. 
Instead of the longitudinal momentum ρ, , commonly used variables are the 
rapidity y and the Feynman variable Xp. 
The rapidity y is defined as 
y = 1/2 [In ((E
+
pL)/(E-pL))] . 
The maximum rapidity of a particle depends on the energy of the collision 
and on the particle mass. For the centre of mass frame it is 
lylmax = l n ^ s / m ) · 
In some experiments only angles, but no momenta can be measured. In this 
case the so-called pseudo-rapidity is used. This is defined via the 
production angle θ between particle direction and collision axis as 
π = -ln(tan(e/2)) . 
and approximates y well if р^>>р^>>т. 
The Feynman Xp variable is defined as 
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XF = Pt/Pmax · 
where Р
ш а х
 denotes the maximum momentum a particle is allowed to have by 
conservation laws. For high energies, Р
ш а х
 is approximated very well by 
0.5 -/s· Clearly, Xp varies from -1 to 1. 
The arguments in favour of choosing these variables instead of using 
simply Cartesian components are the following: 
1. The transverse momentum is invariant under Lorentz transformations along 
the collision axis. For pm values not exceeding a few GeV/c, the 
distribution in p T is very steep (exponentional or Gaussian) and depends 
only very weakly on the centre of mass energy. The average p^ is around 
0.35 GeV/c. 
2. The rapidity is additive under Lorentz boosts along the collision axis. 
The shape of the rapidity distribution exhibits, in first approximation a 
'plateau' region for small values of rapidity. According to the Feynman 
scaling hypothesis [10], the only energy dependence of the rapidity 
distribution should be the lengthening of the plateau, its central height 
and the shape of the tail being energy-independent. This is now known not 
to be exactly true, the particle density in the plateau region increases 
approximately logarithmically with energy. 
3. The Feynman-xp distribution is approximately energy-independent, except 
for small Xp values. This is equivalent to the energy independence of the 
shape of the tails in rapidity. 
In hadron-hadron collisions, one often makes a distinction between the 
'central' and the 'fragmentation' region. The central region corresponds to 
the plateau region in rapidity or to small Xp values (say Ixpl < 0.1). On 
the other hand, particles carrying a significant fraction of the initial 
longitudinal momentum belong to the fragmentation regions (beam or target). 
These particles are thought to carry remnants of the incident particles 
(e.g. quark flavour). 
From the single particle distributions one can go one step further and 
study correlations from two-particle distributions. The variables used in 
the study of Bose-Einstein correlations will be introduced in chapter 5· 
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TWO 
THE EXPERIMENT 
The data used for the analysis have been acquired with the European Hybrid 
Spectrometer. The word hybrid reflects the use of two techniques: visual 
detection of the interaction region with a bubble chamber and measurement of 
the incident particle and produced charged and neutral particles with 
electronic devices. Hence, data are stored on film and magnetic tape. 
For the NA22 experiment, EHS was equipped with the Rapid Cycling Bubble 
Chamber RCBC as vertex detector. Data taking has been done in two periods, 
with a total of 19 effective days. The first period, hereafter called run A, 
in June-July 1982 and the second one, called run B, in July-August I983. 
Data have been collected on ti+p, Κ ρ and pp collisions at 250 GeV/c. The 
pp data represent a small fraction (3%) of the total sample (they have 
originally been taken for calibration purposes). The majority are on 
meson-proton interactions, for which other available data are more sparse. 
In fact, this is the highest energy reached so far for л+р and K +p 
interactions (apart from a measurement of the total cross section). In 
addition to hadron-proton interactions, approximately 7% of the recorded 
interactions are on aluminium and gold nuclear targets placed inside RCBC, 
equally shared between the two. The study of these latter interactions will 
not be discussed in this thesis. 
EHS has also been operated successfully in the three other experiments 
NAI6, NA23 and NA27, which took data from 1979 to 1984. The NA23 experiment 
is studying pp collisions at 36О GeV/c. NAI6 and NA27 are charm experiments 
and have employed the small size high resolution bubble chamber (HO)LEBC as 
vertex detector. 
The scanning and measuring of the NA22 data on film and the subsequent 
reconstruction and physics analysis is performed by an international 
collaboration of 11 institutions '. The construction and running of the 
detector as well as the development of software was under the responsibility 
of the whole EHS community. 
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In this chapter we start with a description of the experimental set-up. In 
sect. 2.1 the beam, the components of EHS, its trigger and the data 
acquisition are described. The general data processing is discussed in sect. 
2.2. This section includes a short outline of the reconstruction software 
and summarises the available data samples. 
1
 The NA22 Collaboration: Aachena- Antwerp/Brussels'5- Berlin(Zeuthen)c-
Helsinki - Krakow6- Moscow - Nijmegen^- Rio de Janeiro - Serpukhov -
Warsaw^- Yerevan 
III. Physikalisches Institut В, RWTH, Aachen, Fed. Rep. Germany 
Universitaire Instelling Antwerpen, Wilrijk and Inter-University 
Institute for High Energies, VUB/ULB, Brussels, Belgium 
c
 Institut für Hochenergiephysik der Akademie der Wissenschaften der DDR, 
Berlin-Zeuthen, German Dem. Rep. 
Department of High Energy Physics, Helsinki University, Helsinki, 
Finland 
e
 Institute of Physics and Nuclear Techniques of the Academy of Mining 
and Metallurgy and Institute of Nuclear Physics, Krakow, Poland 
Moscow State University, Moscow, USSR 
e
 University of Nijmegen and NIKHEF-H, Nijmegen, The Netherlands 
Centro Brasileiro de Pesquisas Fisicas, Rio de Janeiro, Brazil 
1
 Institute for High Energy Physics, Serpukhov, USSR 
^ University of Warsaw and Institute of Nuclear Problems, Warsaw, Poland 
k
 Institute of Physics, Yerevan, USSR 
16 
2.1 THE EXPERIMENTAL SET-UP 
The European Hybrid Spectrometer [1] is located in the North Area of the 
Super Proton Synchrotron (SPS). The general layout of the experimental 
arrangement is shown in Fig. 2.1 . The functions of the main components of 
this detector are: 
1. to measure the position and direction of the beam particle by two 
proportional wire chambers (Ul and U3) and to identify this particle as 
π, К or ρ by two differential Cerenkov counters CEDAR 1 and 2 (not 
shown), 
2. to measure the momenta of the charged particles emerging from the 
interaction in RCBC over the entire 4π solid angle by RCDC combined with 
a two lever arm spectrometer consisting of two magnets (Ml and M2), one 
proportional wire chamber (W2) and six drift chambers (Dl to D6), 
3. to identify these charged particles (as e, п, К or p) over the complete 
momentum range by a combination of RCBC acting as an ionisation device, 
the Cerenkov counters SAD and FC, the pictorial drift chamber ISIS 
measuring the ionisation in the relativistic region and the transition 
radiation detector TRD, 
k. to measure the direction and energies of photons and neutral (long lived) 
hadrons by two electromagnetic calorimeters IGD and FGD and two hadronic 
calorimeters INC and FNC, covering approximately the forward centre of 
mass hemisphere, 
5. to provide a trigger signal on the occurence of an interaction inside 
RCBC by a set of scintillation counters ITV and ITH. 
In the following we will briefly describe the beam as well as the 
components of EHS, its trigger and the data acquisition. The analysis 
presented in this thesis is based on charged particles only. The neutral 
particle detectors will be mentioned for completeness. More information on 
these and a further description of EHS and its performance is given in ref. 
[2] for an early version of the spectrometer (NA16) and described by van Hal 
[3] and Scholten [4] for the NA22 experiment. The performance of the charged 
particle identification will be discussed in chapter 3· 
2.1.1 The Beam 
The beam originates from target T2, exposed to protons of Ί00 GeV/c momentum 
extracted from the CERN SPS. The secondary beam is steered onto EHS by the 
600 metre long beam-line H2 [5a]. 
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RCBC SAD ISIS IT ICD M2 FGD 
metres 
Figure 2.1: The European Hybrid Spectrometer. 
The NA22 experiment makes use of an unseparated positive beam with a 
nominal momentum of 250 GeV/c. The statistical momentum spread is 
Ар/р~0.3Х. while the nominal value has an uncertainty of Δρ/ρ~ 0.5%. 
To 'enrich' the meson content with respect to the proton content, the beam 
is passed through a filter of 5.5 metre polyethylene. This method is based 
on a shorter absorption length for protons relative to pions and pions 
relative to kaons, and leads to a higher τι+/ρ ratio and a somewhat improved 
Κ /π ratio. The performance of this technique is limited by the increasing 
muon component of the beam and the scattering suffered by the transmitted 
particles [5b]. After the enrichment, the beam contains ^6% protons, ЪЭ% 
pions and I5X kaons. This hadronic component of the beam is 73% of the 
total, the remaining 27% comprises the muon background. The beam momentum of 
250 GeV/c is the highest fulfilling the requirement of a kaon content of at 
least 15JÎ. 
For the identification of the beam particles two differential Cerenkov 
counters (CEDAR's) are used. The information from the CEDAR's is 
incorporated into the trigger. 
The beam intensity at RCBC is typically З'Ю particles/s during the 1.8 s 
(run A) or 2.8 s (run B) flat top of a SPS spill every 12 s. 
To minimise the number of useless tracks passing through the bubble 
chamber in its sensitive time, a kicker magnet is used to deflect the 
primary beam from the target after a recognised collision. A beam chopper 
reduces the intensity of the beam between the expansions of the bubble 
chamber. 
2.1.2 The Vertex Detector RCBC 
The central part of the experimental apparatus is the Rapid Cycling Bubble 
Chamber RCBC, where the interactions take place. RCBC is a cylindrical 
chamber of 85 cm diameter with a depth of Ц0 cm, filled with liquid 
hydrogen. The chamber operates at I5 Hz, so the time between the expansions 
is 67 ms. The beam gate at the pressure minimum is 1 ms. 
Apart from the protons of the liquid hydrogen, two thin metal foils 
mounted inside RCBC, one of 1.6 mm aluminium and the other of 0.4 mm gold, 
serve as a target for a study of interactions on nuclei. The probability for 
an incident π , К or ρ to collide on a proton inside the 70 cm fiducial 
volume is 6.3%• 5·3% and 10.55!. respectively. 
The exit window of 1.6 mm stainless steel and the vacuum tank window of 1 
mm aluminum and 2 mm glass reinforced plastic represents ~ 1.5% of an 
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interaction length and - 10# of a radiation length. 
When the occurence of an event is signalled by the trigger, stereo 
pictures are taken with three cameras and recorded on film. From these 
pictures, the topology of the event and accurate measurement of the position 
of the primary interaction and of possible secondary activities, as well as 
measurements of outgoing charged tracks are obtained. RCBC is embedded in 
the vertex magnet Ml for momentum determination of these charged tracks. 
In addition to its use as target and vertex detector, RCBC serves as an 
ionisation device for charged particles of low momenta. 
2.1.3 The Magnets 
The spectrometer makes use of two magnets to deflect the charged secondary 
tracks in the vertical plane. 
The superconducting vertex magnet Ml was operated with a current of 
26OO A, generating a central field of 2 T. The total bending power for a 
track originating from the centre of the bubble chamber is 2 Tm. 
The spectrometer magnet M2 is a conventional magnet. Fast tracks 
(pLab * 50 GeV/c) pass through its apperture of 100 cm in the bending plane 
and ΊΟ cm orthogonal to it. During run A, the two magnets were operated with 
parallel fields, while for run В their Fields were in opposite directions. 
The field strength of magnet M2 was I.5 (0.75) Τ during run A (B), 
corresponding to a total bending power of 3-3 (1.6) Tm. The field 
configuration for run В improves the geometrical acceptance, with respect to 
that of run A, for tracks of intermediate momentum (20 to 50 GeV/c) at the 
cost of a slightly reduced momentum resolution for the fast tracks. 
2.1.4 The Proportional Wire Chambers and Drift Chambers 
Each proportional wire chamber (PWC) and drift chamber (DC) is composed of a 
number of coordinate planes. Each coordinate plane consists of a plane of 
sense wires (anodes) sandwiched between two field-shaping wire planes 
(cathodes). A sense wire plane contains a number of equally spaced sense 
wires (in PWC) or alternating and equally spaced sense wires and field wires 
(in DC). The sense wires have a diameter of 20 urn. The spacing between two 
sense wires (pitch) is 2 mm in the proportional wire chambers and 46 or 48 
mm in the drift chambers.»In the case of a PWC, the determination of the 
position of a charged track relies on the 'centre of gravity' of the wires 
'hit'. For the drift chambers it is calculated from the impacts determined 
by the recorded drift times. These are transformed into drift distances from 
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the sense wires giving the signals. 
The two upstream proportional wire chambers Ul and U3 have a useful area 
of 26 χ 36 cm . They consist of five coordinate planes, with (in the case 
of Ul) wires at angles to the horizontal of: -бО1 , -60" staggered, 0°, +60° 
and +60° staggered. 
The large proportional wire chamber W2 is located 1.6 m downstream of the 
centre of RCBC, still in the fringe field of Ml. It covers an acceptance of 
1.2 χ 2.15 m and consists of seven coordinate planes with wires at angles 
to the horizontal of respectively 0°, +30°, +10.9°, -10.9°, -300 , 0° and 90° 
(the seventh píeme was installed after run A). In total 5568 sense wires are 
equipped with readout. Apart from the use for the (off-line) track 
reconstruction, the signals provided by W2 are used in the trigger logic. 
The proportional wire chambers are operated with 'magic gas', consisting 
of 72% argon, 232 isobutane, 1% freon and Ц% methylal. 
From the six drift chambers, the three larger chambers (Dl to D3) with 
sensitive areas of 4.25 χ 2.10 m are located in the first lever arm, the 
three smaller ones (D4 to D6) covering I.3 x 2 m in the second lever arm. 
The most characteristic property of the drift chambers is that the 
orientation of the wires meets the condition of the so-called 'butterfly' 
configuration. This configuration is to minimize the ambiguities in point 
reconstruction [6]. Each drift chamber consists of four coordinate planes 
with wire angles of +I6.70, +5.7°, -5.7°, and -16.7° with respect to the 
horizontal. The pitch varies from plane to plane in such a way that the 
distances between the sense wires along the chamber frame are all identical. 
Figure 2.2 shows this geometry with all sense wires projected onto one 
plane. The distance between the wires in the vertical direction is always 
48.0 nun. The pitch is 46.0 mm for the outer planes and 47.8 mm for the inner 
ones. This difference reflects the different angles of inclination in the 
butterfly geometry. 
In Fig. 2.3, the cell structure of a coordinate plane of the big chambers 
is shown (distances are given for the inner pleines). The cell structure of 
the small chambers differs slightly. The total number of cells in each 
chamber is 352 for the big and 184 for the small ones. The gas used in the 
drift chambers consists of 505! argon, 49# ethane and about 1% ethylalcohol. 
The mean drift velocity is 47 um/ns and 53 um/ns for the big and small 
chambers respectively. 
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Figure 2.2: The butterfly geometry of the drift chambers. 
FIELD WIRE SENSE WIRE FIELD WIRE 
о · 
6mm 
FIELD SHAPING WIRE PLANES 
Figure 2.3: The cell structure of the drift chambers. 
The precision of an impact reconstructed in a drift chamber is about 200 
um in the magnet bending plane and 1 mm orthogonal to it. 
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2.1.5 The Silica Aerogel Cerenkov Detector 
The Silica Aerogel Detector SAD [7] contributes to the particle 
identification in the low momentum range, 0.5 - U.O GeV/c. Silica aerogel is 
applied with a refractive index of 1.031 as radiator medium. Accordingly, 
the momentum thresholds are O.56, 2.0 and 3·8 GeV/c for π, К and ρ, 
respectively. 
SAD is composed of 18 identical modules. Figure 2Ла. shows the arrangement 
of the modules in the plane perpendicular to the beam axis. Each group is 
inclined with respect to the vertical in order to optimise the geometrical 
acceptance. A detector module is shown in Fig. 2.4b. Each module has a 
sensitive area of 23 χ 55 cm and an aerogel thickness between 13 and I5 cm. 
The Cerenkov light is collected onto two photomultipliers. 
The stability of the photomultipliers and connected electronics is 
monitored with the help of light pulses. All modules are connected to a 
single light emitting diode by means of an optical fibre. 
The amount of material within the acceptance of the spectrometer, 
represents 2% of an interaction length and 6% of a radiation length, mainly 
due to the aerogel. 
Cylwdrml mrror 
lOcm 
Figure 2Λ: The Silica Aerogel Cerenkov Detector SAD: a) The arrangement 
of the modules and b) schematic view of one module. 
23 
2.1.6 The Pictorial Drift Chamber ISIS 
ISIS (Identification of Secondaries by Ionisation Sampling) [8] is a large 
volume drift chamber. It provides particle identification by sampling the 
ionisation of each track many times along the track and for a large number 
of tracks simultaneously. An ionisation resolution of 3-9% (rms ' ) is 
routinely obtained on a large majority of tracks. In general, e/n/K/p 
separation is possible with reasonable efficiency for momenta from 2-5 up to 
30 GeV/c. ISIS's prime task is particle identification, but tracking is a 
free and very useful by-product. 
The fiducial volume of ISIS is 4 m high, 2 m wide and 5.12 m long. Figure 
2.5 shows a vertical section of part of the chamber parallel to the beam 
axis. The volume is divided into two drift spaces by a single horizontal 
wire plane of alternating anodes and cathodes at half the chamber height, 15 
cm above the beam axis. From each track, the ionisation electrons drift in 
the uniform field of 5OO V/cm and are amplified on 6^0 anode wires connected 
in pairs to 32О channels of electronics. The multi-hit electronics can 
handle between 30 and 50 hits per event on each wire. The data include the 
drift time and pulse height for each hit. The third coordinate is not 
measured and the up-down ambiguity is not resolved by the chamber alone. 
The chamber is filled with a gas mixture of 80# argon and 20% COp at 
ambient pressure, recirculated and purified by 0XYS0RB purifiers every two 
hours. The choice of the gas mixture required special attention, since the 
drift distance in ISIS is large. It is important that the primary electrons 
do not diffuse during the drift time to avoid that they either reach the 
wrong signal wire or spread along the drift direction, thereby making it 
impossible to separate close tracks. The primary electrons must also have a 
long lifetime in the gas, otherwise losses will dominate the observed pulse 
height essential for particle identification. 
The anode-cathode potential in ISIS is only switched 'on' to give a gas 
amplification factor 10 during the bubble chamber sensitive period. In this 
way, the duty cycle for the production of space charge is reduced. After an 
interaction trigger, ISIS continues to accept data for a further 100 us 
(drift time) before readout and digitisation of all drift times and pulse 
heights. 
The complete ISIS, including the mylar windows, represents ~ 2% of Ein 
interaction length and - J% of a radiation length. 
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Figure 2.5: Diagram of a vertical section through ISIS. 
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2.1.7 The Forward Cerenkov 
The Forward Cerenkov FC [9] is a large multiceli Cerenkov counter with high 
momentum threshold. As a radiator it employs gas at normal pressure, which 
can be heated to lower the refractive index. 
For the NA22 experiment, FC operated with helium at -240°С at a slight 
overpressure to prevent contamination by air. The refractive index of the 
radiator was - 1+18-10 . Accordingly, the momentum thresholds are around 
24, 82 and 156 GeV/c for π, К and ρ, respectively. The precise values for 
the two runs are given in sect. 3·3·1· 
The effective radiation volume is 1200 cm long, 104 cm wide and 200.2 cm 
high. The emitted photons are collected by 14 cells. Each cell is composed 
of a concave mirror with a radius of curvature of 200 cm (cut as a 
28.6 cm χ 52.0 cm rectangle) and a photomultiplier for light detection. The 
arrangement of the mirrors is shown in Fig. 2.6 in the plane perpendicular 
to the beam (a) and along the beam (b). 
The refractive index is monitored by a digital refractometer, which takes 
samples of the FC gas at regular times. Each photomultiplier is connected to 
a light emitting diode for monitoring and calibration. 
In total, FC represents 2% of an interaction length and 5% of a radiation 
length. 
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Figure 2.6: The Forward Cerenkov FC: a) the arrangement of the mirrors 
b) top view along the beam axis. 
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2.1.θ The Transition Radiation Detector 
The Transition Radiation Detector TRD [10] contributes to the identification 
of the highest momentum particles. It provides separation of n/Kp from 80 
GeV/c onwards, improving with increasing momentum. The TRD consists of 20 
sampling units of radiator stacks, each followed by a proportional wire 
chamber to measure the amount of emitted transition radiation. The detector 
is shown in Fig. 2.7 with 2 of the total of 20 modules. In total it is 100 
cm wide, 200 cm high and the total length is 350 cm. 
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Figure 2.7: The Transition Radiation Detector TRD. 
The radiator stacks are composed of loosely packed carbon fibers of 7 um 
diameter and 5-7 mm length. The fibre density is 1.7 g/cm^ and the bulk 
density is 0.06 g/cuP. The transition radiation of one stack might not be 
fully absorbed by the subsequent chamber, but (partly) added to radiation 
produced in the following stack. For this reason, the twenty radiators vary 
in thickness, the first five have 110, 65, 55, 50 and Ί8 mm thickness 
respectively, and the following fifteen radiators are Ί5 m m thick. By this 
variation, on average equal amounts of transition radiation are registered 
in all individual wire chambers. 
Each proportional wire chamber is Ί cm thick and contains 96 horizontal 
sense wires at a pitch of 19 mm. The chamber windows of metalised mylar act 
as cathodes. The wires are connected in 32 groups of 3 wires to electronics 
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measuring the deposited energy. The signals measured are generally the sum 
of the transition radiation and the ionisation loss of the particle itself 
passing through the chamber gas. The produced transition radiation is in the 
X-ray region. To obtain a high detection efficiency of these photons, it is 
desirable to use a noble gas of high atomic number as a counting gas, like 
xenon. The chambers are, therefore, operated with a gas mixture of 20% 
xenon, 75X by helium and 3% methane. The heavy xenon is diluted by helium to 
equalise the gas density to that of the outer atmosphere. 
For the energy calibration, the last chamber is equipped with a ^Fe 
source on each triplet of wires. 
The total amount of material, mainly due to the radiators, represents 10% 
of an interaction length and 155! of a radiation length. 
2.1.9 The Calorimeters 
EHS contains two electromagnetic calorimeters, the intermediate (IGD) and 
forward (FGD) gamma detector, as well as two hadronic calorimeters, the 
intermediate (INC) and forward (FNC) neutral calorimeter. Each hadronic 
calorimeter is placed just behind the corresponding electromagnetic one. The 
о 
IGD and INC cover 2.0 χ 1.5 m . Both have a central hole, allowing fast 
particles to pass through the magnet M2 into the second lever arm. The FGD 
and FNC cover this hole at the end of the spectrometer. 
To absorb and measure the showers, the electromagnetic calorimeters use 
lead-glass blocks and the hadronic ones iron-scintillator sandwiches. The 
IGD, INC and FNC are basically two dimensional matrices of blocks. The light 
collected from each block is used for simultaneous energy and position 
measurement. The FGD is designed differently. It consists of three separate 
sections: a converter, a three plane scintillator hodoscope and an absorber. 
The energy is measured by the converter and absorber blocks and the position 
is determined by the hodoscopes. 
The electromagnetic calorimeters are used for photon detection and 
measurement. Making combinations of photon pairs allows π" reconstruction in 
the forward centre of mass hemisphere (more precisly xp. > 0.025). For 
charged particles starting to shower in the electromagnetic calorimeters, 
some separation between electrons and hadrons is possible. Detection of long 
lived K0's and neutrons is provided by combining the energy deposited in the 
electromagnetic and hadronic calorimeters. 
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2.1.10 The Interaction Trigger 
In the NA22 experiment use is made of an interaction trigger. Its purpose is 
to discriminate non-interacting beam particles from those interacting inside 
the vertex detector. Since it is designed to be sensitive to most of the 
total cross section, such a trigger is sometimes called a 'minimum bias' 
trigger. 
The trigger consists of three levels with a hierarchical structure 0-1-2. 
The total trigger condition reads: 
[Tl · T2 · (V1+V2)] · [lTV(2)+ITH(nï2)] · [zW2(n<3) · ITH(n>l) · (C1+C2)] 
The beam trigger (level 0) is composed of the four scintillation counters 
Tl, T2, VI and V2 placed along the beamline upstream of RCBC. A beam is 
defined by Tl and T2 in coincidence. The veto counters VI and V2 reject 
upstream interactions. 
The interaction trigger (level 1) is composed of a set of scintillation 
counters ITV(2) and ITH positioned 1250 cm downstream from the centre of 
RCBC at a horizontal focus of the beam. ITV(2) is a vertical scintillator 
strip of 2 cm width. ITH is composed of 20 horizontal strips of 2 cm width 
and twice three strips of 15 cm width, above and below the central strips. 
Triggering at this level occurs either by the absence of a hit in ITV(2) 
(the beam particle has disappeared) or the occurence of two or more hits in 
ITH. 
The level 2 trigger is added to veto interactions downstream of W2. In the 
centre of planes 1 and 6 of the proportional wire chamber W2, eight 
horizontal 'strips' of 6Λ cm width are formed by combining groups of 32 
adjacent wires into single channels. A veto signal is given if both the 
number of hits in W2 (plane 1+6) is less than 3 and in ITH more than 1. 
The signals from the two CEDAR's Cl and C2 are also incorporated at this 
trigger level (for timing reasons). One CEDAR is always adjusted on kaons, 
the other one on pions, except for a short period of run В when it was set 
on protons. The event is vetoed if the beam particle does not have one of 
the two desired identities. 
Detailed studies have been performed to calculate the trigger efficiencies 
for certain event configurations [11]. The main loss occurs for low 
multiplicity events (2 and k prongs) with one fast particle only, where it 
is as high as 50%. 
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2.1.11 Data Acquisition 
The EHS Data Acquisition System (DAS) is implemented on a NORDICO computer 
of NORSK DATA. The computer is equipped with two 6250 bpi tape units. In 
addition to the N0RD100 computer for data acquisition and data monitoring, a 
N0RD10 computer is used for detector monitoring. The readout of the 
experimental electronic data is done via CAMAC interface. 
If all detectors are 'ready' for data taking and the trigger condition is 
satisfied, all electronic data are read by the computer and written to tape 
[12]. A signal to the bubble chamber flashes and cameras initiates picture 
taking. On average, about 10 events have been recorded per SPS spill with a 
mean size of 20 kBytes. A total of 7"Ю-1 triggers has been accumulated 
during both running periods. This amounts to 170 raw data tapes and l40 km 
of photographic film. About one third of the recorded triggers corresponds 
to an interaction inside the fiducial volume of the bubble chamber. 
Apart from the event triggers, calibration data have been taken for a 
subset of detectors in periods between spills or during dedicated 
calibration runs. 
2.2 DATA PROCESSING 
The chain of actions involved in acquiring and processing the NA22 data is 
schematically shown in Fig. 2.8. After the experimental runs, the bubble 
chamber film is scanned and measured by the various participating 
institutions according to a common set of rules. 
Scanning for events is done in a restricted fiducial volume, corresponding 
to a length of 70 cm in real space. The two upstream wire chambers are used 
to reconstruct the beam track and predict the vertex position with a 
tolerance of ±1.2 mm, corresponding to ±0.07 mm on film. Due to this 
prediction, the scanning efficiency for a primary interaction is nearly 
100%. In order to minimise event losses (especially two prongs) and biases 
in the event topology, two independent scans are performed, followed by a 
comparison and if necessary a decisive third scan. About one third of the 
frames contains an event inside the fiducial volume and predicted beam road. 
For every frame, the scan result is registered, including topology and 
position of vertices for the events found. 
If the quality of the picture is considered acceptable, the event is 
subsequently measured and data are recorded. In principle, measurements are 
done on all three views. More information on the scanning and measuring 
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Figure 2.8: Data acquisition and processing chain. 
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process can be found in ref. [3]· 
After completion of the scanning and measuring process, the data for each 
event are merged with the appropriate electronic information from the 
spectrometer. 
The data are then processed through a chain of programs for the event 
reconstruction. The output of this step is the so-called Geometry Summary 
Tape. All data on the hydrogen target are collected in Nijmegen and are 
processed on the ΝΑ39ΐ6θ computer of the Universitair Reken Centrum. The 
average processing time is 15 CPU seconds per event. 
The result of the reconstruction is compared with the event on film during 
the 'output' scan. The scan is also called 'ionisation' scan, since its main 
purpose is to determine the identity of slow tracks. This is done by 
comparing their ionisation strength to that predicted by the geometry 
program for the various mass hypotheses. By this method, protons can be 
separated from pions for momenta up to 1.2 GeV/c. 
Finally, the output of the reconstruction process is summarised onto the 
Data Summary Tape and, if present, the information of the ionisation scan is 
merged. After this final data reduction, we are left with a manageable 
sample of 5 tapes for the present data sample. Physics analysis can start. 
Another data processing chain, not mentioned so far, involves the 
necessary calibration and position determination of all detectors. The 
calibration and position determination of RCBC, the magnets, the wire 
chambers and the gamma detectors is discussed by van Hal [3]· The 
calibration of the particle identification devices is described in chapter 3 
below. 
2.2.1 Reconstruction Software 
The event reconstruction involves some 10 computer programs, which can be 
classified according to their task as preparation, event reconstruction 
proper and final data reduction. The software is written in FORTRAN and 
embedded in the HYDRA [13] system. This allows computer independence and 
dynamic memory use. For a more detailed description we refer to [3.1I*,15]. 
1. Preparation 
The program PREDIC reads the raw data tape, reconstructs the beam track in 
space and projects it onto the three film planes. The predicted beam 
position is used as a starting point for scanning. 
The data from the scanning and measuring processes are added to the HYDRA 
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event structure by the programs SCANLOAD and SYNCHRO, respectively. The 
latter program only retains information on events inside the fiducial volume 
(measured or not). 
The next program , PRECIS, reads the raw data tape, selects and reformats 
the spectrometer data belonging to a particular event. The data from all 
detectors, except ISIS, are transformed onto the event structure. 
2. Event reconstruction 
After the preparatory steps are done, the event reconstruction can start. 
The program SPIRES performs the pattern recognition of the ISIS data. It 
reads the raw data tape, reconstructs straight tracks through the points, 
filters out crossing track regions and histograms the pulse heights of the 
clean data points associated with each track. The reconstructed ISIS tracks 
are added to the event structure for later use in GEOHYB and PARTID. 
The most complex and time consuming program is GEOHYB. It performs the 
geometrical reconstruction of the vertices and the associated charged tracks 
in space. 
Briefly, hits in wire chamber planes are combined into 'multiplets'. The 
multiplets from different chambers are combined to give track candidates, 
so-called 'strings'. In the non-bending plane strings are required to point 
to any of the vertices in the bubble chamber and come within a reasonable 
distance of the vertex in the bending plane. All hits compatible with a 
string are used to perform a global spectrometer fit, giving momentum and 
angles at the position of W2. An attempt is then made to match the resulting 
spectrometer track with a bubble chamber track image on at least two views. 
A track is called 'hybridised' if a combined fit of bubble chamber 
measurements and spectrometer data has succeeded. If the hybrid fit fails, 
but the spectrometer fit is acceptable, the track is called 'hanging'. After 
this step, tracks are reconstructed from the remaining bubble chamber track 
images (having no associated spectrometer track). 
The track reconstruction is done in several passes, using different 
tolerances, starting from different drift chambers and requiring two- or 
three-view combinations. At various stages It is necessary to resolve 
ambiguities. These arise e.g. if different spectrometer tracks are 
associated with one bubble chamber track image or in the matching of bubble 
chamber track images if the same track image is used in two different track 
fits. 
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The geometrical data from ISIS and TRD are used in an early stage to veto 
or to confirm track candidates. This speeds up the program, since the number 
of track candidates to be resolved is reduced. 
The program HANG looks for Y conversions or neutral decays outside the 
bubble chamber, by combining two hanging tracks compatible with a common 
vertex. In general, the fitted vertex position depends on the hypothesis 
used for the decay (or conversion). 
Not all events are reconstructed successfully by the geometry program. 
Hence, to facilitate the later physics analysis, it is desirable to check 
the events and if possible to correct the failures. This is done by the 
program QUAL [16]. Its main purpose is to assign 'quality' factors to tracks 
and vertices. The track qualification is based on estimators like rms, fit 
probability, relative momentum error Δρ/ρ, tolerances applied in the various 
reconstruction passes, etc. The vertices are classified depending on the 
quality of the tracks leaving that particular vertex. For a limited class of 
incorrectly reconstructed events, a fix-up procedure is attempted. This is 
e.g. possible if the event is overcomplete, i.e. one track more is 
reconstructed than scanned, and the suspect track can be traced. 
The information on calorimetry is handled by the programs GAMIN and NC. In 
these, showers are reconstructed in the electromagnetic and hadronic 
calorimeters, respectively. 
The program KINEM performs kinematical fits for neutral decays (K°,A,A), 
charged decays (Κ ,Σ ) and Τ conversions inside the bubble chamber as well 
as for low topology primary vertices. It also fits π0's by combining photon 
pairs. These photons are either detected in the calorimeters or by 
conversion inside the bubble chamber. 
The data from the particle identification devices SAD, ISIS, FC and TRD 
are treated by the program PARTID. For each track entering a device, it 
calculates the signal expected for the given mass hypotheses (e, π, К or ρ), 
and computes the probability associated to each particle mass. The 
separation depends on the relative fluxes of the different particle types 
and the degree of misidentification considered acceptable. The program also 
takes into account the information on electron/hadron separation from the 
electromagnetic calorimeters IGD and FGD. The analysis, calibration and 
performance of particle identification will be discussed in chapter 3· 
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3. Final Data Reduction 
The final data reduction is done by the program DSTMAKER. It selects and 
reformats the information relevant for the physics analysis from the GST and 
merges the information from the ionisation scan. 
2.2.2 Data Samples 
Table 2.1 summarises the data samples of the experiment presently 
available ' . In total, УЮ- 5 event triggers have been recorded. About one 
fifth of the data have been taken during run A and the remainder during run 
В (the pp data in run В only). Around 30% of the triggers corresponds to 
events on the hydrogen target inside the fiducial volume. 
Table 2.1: Data sample ' . 
π ρ 
K P PP 
triggers 
processed 
scanned events 
measured 
reconstructed 
49-io4 
kh 814 
42 460 
41 811 
18·104 
100% 
54 678 
51 084 
50 019 
2·10Η 
100% 
8 599 
8 555 
8 372 
good beam track 38 260 
complete event and correct 
total charge 34 533 
44 895 
40 321 
7 536 
6 751 
The scanning, measuring and reconstruction of the Κ ρ and pp samples is 
completed, of the n+p sample 30% is processed. For a subsample the 
information of the ionisation scan is presently available. About 94% of the 
events found during the scan are measured on at least two views. The 6% loss 
is mainly due to pictures which are not clean enough and is not expected to 
cause a bias. The measured events are passed through the chain of 
reconstruction programs described in sect. 2.2.1. Around 2% of the events 
fail due to shortage of memory, too much CPU time consumption and random 
1
 status December I986. 
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tape losses. 
To obtain a clean event sample well suited for physics analysis, the 
following two 'standard' selection criteria are imposed on the reconstructed 
events. 
1. The event is rejected if the beam track is not properly reconstructed. 
This unbiased loss amounts to ~9%· 
2. The event is rejected, if its reconstruction is in- or overcomplete or if 
the total charge is wrong. Since the vertex is well visible in RCBC, the 
total number of outgoing tracks is known. Because of charge conservation, 
this is the case also for negative and positive charge, separately. This 
cut affects - 10J! of the events and the bias introduced had to be studied 
carefully. 
Further selections depend on the subsample required for the physics 
analysis. We will discuss them in subsequent chapters along with the 
analysis. 
So far, we have discussed samples of reconstructed events. In an earlier 
stage of our experiment, a study of charged multiplicity distributions 
[ЗЛ7] was based essentially on the scanning information of 30 3^8 π ρ, 
38 450 K +p and 5 872 pp events. Apart from their own physics interest, these 
multiplicity distributions are used for normalisation in most of the more 
refined analyses based on reconstructed events. 
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THREE 
PARTICLE IDENTIFICATION 
One of the main features of EHS is identification of the (stable) charged 
particles e , π , К , ρ and p. Information on this is provided by the bubble 
chamber RCBC acting as ionisation device, the Cerenkov counter SAD, the 
pictorial drift chamber ISIS, the Cerenkov counter FC and the transition 
radiation detector TRD. These devices contribute, in that order, to the 
identification at increasing particle momentum. 
The techniques used are based on the Cerenkov radiation or the energy loss 
(dE/dx) of a charged particle traversing a medium or the transition 
radiation of a charged particle crossing a boundary between two media. All 
are electromagnetic processes and depend on the velocity of the particle. 
The velocity dependence is usually expressed in terms of 
ν 1 
В = — or Y = — 5- where ВТ = p/mc . 
с /d-B 2) 
The momentum of the particle is determined by its deflection in the magnetic 
field. Since a particle with given momentum has a different velocity for the 
e, τι, К or ρ mass hypotheses, a measurement of the velocity in addition to 
its momentum in principle reveals its identity. 
In the following section, the physics principles involved in particle 
identification are reviewed. The data analysis is described in sect. 3·2 and 
the calibration in sect. 3·3· The performance is presented in sect. S·4*· The 
detectors themselves have already been described in the previous chapter 
(sects. 2.1.2,2.1.5-2.1.8). General references are for SAD [1,2], ISIS 
[1,3], FC [1,4] and TRD [1,5]. The performance is also discussed in these 
references but mainly for test beams or for the experiment NA27. The 
performance for NA22 will further be discussed by De Roeck [6]. The 
identification with RCBC is mentioned below for completeness; the procedure 
and the performance are described in detail by van Hal [7]. The two 
electromagnetic calorimeters IGD and FGD can provide additional information 
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on the separation between electrons and hadrons and have been described in 
[7]· 
3.I PHYSICS PRINCIPLES 
Any device that is to detect a particle must interact with it in some way. 
If the particle is to pass through essentially undeviated, this interaction 
must be a soft electromagnetic one. Cerenkov radiation, energy loss (dE/dx) 
and transition radiation are electromagnetic processes, depending on the 
dielectric properties of the medium and the velocity of the charged 
particle. In the following we briefly review the basic formulae involved. 
Details can be found in textbooks on electrodynamics, e.g. [8]. An extensive 
discussion with references to the original literature is given in ref. [9]· 
The latter also treats the application to practical devices. 
1. Cerenkov radiation 
If a charged particle moves through a medium faster than the phase velocity 
of light in that medium, it will emit radiation at ειη angle θ determined by 
its velocity and the refractive index of that medium: 
соз
 с
 = 1/Bn 0 > 1/n , 
where η is the refractive index of the medium. The number of emitted photons 
N per unit path length is given by 
α с 1 
Ν = - (1 - -,-,) 2ла , 
с
 J
 В^п^ 
with « being the fine structure constant and with integration over the 
frequency ν for Bn > 1. In practice, the light collecting system is only 
sensitive in the optical region and the dependence of η on ν can be 
neglected. 
The Cerenkov counters SAD and FC use silica aerogel and hot helium, 
respectively, as radiator. The light is detected by photomultipliers (see 
sects. 2.I.5 and 2.1.7). 
2. Energy loss (dE/dx) 
A charged particle passing through matter, loses energy by electromagnetic 
interactions with atomic electrons, resulting in excitation and ionisation 
of these atoms. The mean rate of energy loss per unit path length χ for a 
single charged particle is a function of BT of the particle and can be 
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described by the Bethe-Bloch formula 
dE 
dx 
C! -2 [ln(c2(B7)
2) - в 2 - J] 
Ρ 
where Cj and С2 are characteristic constants of the medium » . The function δ 
represents the density correction important for large $T values. 
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Figure 3-1: The BT dependence of relative ionisation in a gas. 
In the non-relativistic region (BT < 4) the rate of energy loss falls 
rapidly (as 1/B ), reaching a minimum around BT - Ц (almost independent of 
the medium). Above BT - 4 the rate of energy loss rises slowly (as log(BT)). 
This is the so-called 'relativistic rise'. However, because of the 
counteracting effect of polarisation of the medium (described by the term 
6/2), the actual increase corresponds to only one power of BT under the 
logarithm at intermediate BT (>4) and the term within square brackets 
becomes constant for extreme relativistic particles (the 'Fermi plateau'). 
This saturation effect is often called the 'density effect', because it is 
proportional to the electron concentration in the medium. For that reason it 
1
 Cj^D Z
m
D
m
/A
m
, where Ζ , к^ and p
m
 are the charge, mass number and mass 
density of the medium and 0=4пМ
А
е7m
e
c
2
=0.3070 MeV cm2/g with N A 
Avogadro's number and m the electron mass. C2=2m с /I, where I represents 
an effective ionisation potential. 
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is more important for solids and liquids than for gases. In Fig. 3·1 the BT 
dependence of the energy loss or intensity of ionisation is shown for a 
typical gas. The loss saturates at BT of a few hundred. In solids and 
liquids, the plateau is only a few percent above minimum, in high Ζ noble 
gases at atmospheric pressure it increases by 50-70%. 
The expression for dE/dx represents the average energy loss per unit 
distance. In thin materials, the total energy loss is determined by a small 
number of interactions, each one with a very wide range of possible energy 
transfer. The consequence is a characteristic shape for the energy loss 
distribution. The distribution is broad and skewed, being peaked below the 
average and having a long tail toward large energy losses. Only for a very 
thick layer ((dE/dx)D >> 2m
e
c
2i 2T 2, with D the thickness of the layer) does 
the distribution become Gaussian. Due to the large fluctuations in energy 
loss in a gas, effective particle identification in the region of the 
relativistic rise requires a large number of independent samplings of the 
energy loss of a track. 
Energy loss is used in both RCBC and ISIS. The particle identification for 
low momentum tracks with RCBC relies on the energy loss in the 
non-relativistic region. Due to the density effect in liquid hydrogen any 
particle with velocity В > 0.9 is minimum ionising. ISIS measures the energy 
deposited (or ionisation) in argon gas in the relativistic rise. To reach 
the necessary resolution needed in the relativistic region, each track is 
sampled up to 320 times (see sect. 2.1.6). 
3. Transition radiation 
When a highly relativistic particle (ВТ > 500) crosses the boundary between 
two media of different dielectric constant. X-ray photons are emitted. The 
differential energy yield of transition radiation from a single interface is 
usually expressed as 
d ^ o t . e e , 2 5 5 5 5 
= -5 I 1 with І Ь = Т Г + ^ + ( < І Г
П
 / < / ) . 
dhu) dn π ть Up * 
Here u is the frequency of the emitted photon, η the emission angle, θ its 
polar component and ω
ρ
 is the plasma frequency, ω =(Ίπο</ιη
θ
)η
β
 (n
e
=electron 
density) of medium i. 
Radiation will be strongly peaked in the forward direction (θ=0) and will 
be confined to angles Θ5Τ~ . Similarly, it will be strongly peaked to low 
energy X-rays with ωίΤω . 
ÍJ2 
For the simplest case of a boundary of one medium with vacuum, the total 
energy yield of transition radiation produced by a charged particle is 
W - « (hüp/3) Τ . 
The total energy yield W at a single interface, therefore, depends linearly 
on Ύ. This suggests the measurement of W to determine T. In traversing a 
foil, a charged particle may emit transition radiation at both interfaces. 
This leads to interference effects which, in general, cause the energy flux 
to saturate, rather than to increase linearly with T. 
The probability for a particle to emit a photon at any single interface is 
of the order of oc=l/137· Hence, several hundred of transitions are needed to 
obtain a measurable amount of transition radiation. This can be achieved by 
a detector consisting of a stack of foils or of random structures as layers 
of fibers, followed by a proportional wire chamber to measure the amount of 
transition radiation produced. Calculation of the yield of transition 
radiation for many foils becomes quite involved, due to interference between 
different foils. In addition, emitted photons can be absorbed in subsequent 
foils. Since the absorption of X-rays increases with the atomic number Ζ of 
the material, it is desirable to apply low Ζ materials as transition 
radiators and high Ζ materials as transition radiation detectors. For the 
TRD, carbon and xenon is used, respectively. 
As is the case for the energy loss described above, the broad spectrum of 
transition radiation yield implies that a number of measurements is required 
for meaningful particle separation. In general, TRD samples the tracks 20 
times {see sect. 2.1.8). The optimisation of TRD is discussed in [5b]. 
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3.2 DATA ANALYSIS 
The analysis of the data on particle identification proceeds in the 
following steps. The trajectory and the momentum of a particle (the track) 
are determined by the geometry program GEOHYB. The signals from the particle 
identification devices have to be associated with the geometrical 
information. For ISIS and TRD, the signals are superimposed on the particle 
trajectory. For the Cerenkov counters SAD and FC, the association is more 
delicate. Here, light from the same particle can hit more than one cell and 
the same cell can receive light from more than one particle. 
For the particle identification itself, one makes use of the detected 
signal and compares this to what is expected for the different mass 
hypotheses. The signal is either the amount of light measured, as in case of 
the Cerenkov counters, or the amount of energy deposited, as in case of ISIS 
and TRD. In the following paragraphs, the procedure is described for SAD, 
FC, ISIS and TRD. Unless stated otherwise, this analysis is performed by the 
program PARTID [10]. 
Discrimination between mass hypotheses is achieved by comparing the 
measured signal x m e a s with a reference distribution. This reference 
distribution is the probability density function f¿(x) that a particle of 
known momentum and mass m· gives a signal x. It is obtained on the basis of 
calibration and theoretical arguments. A quantitative estimator to separate 
between the different mass hypotheses can be e.g. the (log)likelihood 
L,- = In f j (χ„„„„) i iv meas ' 
or the probability PROB 
PROB •i = 1 - J f^x'^x' . (3.1a) 
f(*)>f(*meas> 
In the case of a Gaussian probability density distribution, PROB is the 
confidence level of the Хг distribution for one degree of freedom, with 
)t2 = ((x
m e a s
-x)/o) 2. The definition of probability is somewhat arbitrary if 
f(x) is asymmetric. Alternatively to eq. (3·1β) one can define 
PROB i = J ί.(χ·)<ϊχ· / ƒ fiixMdx· , for x m e a g <i. (3.1b) 
••<Xm«n>, - · < Χ 
meas 
and analogous for Хщеа^х. with χ the most probable value of the 
distribution ^ ( x ) . (For the Cerenkov counters, the case that a particle is 
kh 
below threshold and no light is seen introduces some arbitrariness in the 
definition of the above quantities.) 
These PROB, are not yet the probabilities that a certain track corresponds 
to an e, π, К or p. They merely quantify the compatibility of the observed 
signal with a certain mass hypothesis. For particle identification on a 
track to track basis, one uses cuts on the signal itself, on the probability 
or on related quantities. In defining these cuts, one has to take into 
account the difference in particle yield. For an analysis in a statistical 
way, e.g. inclusive particle ratios, one can perform a maximum likelihood 
fit for a general track sample. It is then crucial that the reference 
distribution fjfx) is correct. 
The identification with RCBC is performed in the ionisation scan (see 
section 2.2). Low momentum tracks have an ionisation strength in RCBC 
different for e, π, К and p. A relative ionisation I/I0 down to 1.4 can be 
visually separated from the minimum ionising beam track. This corresponds to 
a meson/proton separation up to a momentum of 1.3 GeV/c. For the lowest 
momentum particles (below 0.6 GeV/c), meson/proton separation is possible 
from the total energy loss (stop in RCBC) for protons, the tracks flagged as 
heavily ionising during the measurement and a mass dependent fit based on 
the change of curvature of the track due to energy loss of the particle. The 
identification with RCBC is further described in [7]. 
3.2.1 Silica Aerogel Detector SAD and Forward Cerenkov FC 
The number of photoelectrons η ^ detected by the light collecting photo-
multipliers is computed from the measured signal by 
nphe = (signal-Pedestal)/gain . 
The pedestal and the gain of the ADC's and photomultipliers are determined 
in the calibration. 
The mean number of expected photoelectrons is given by 
<n p h e> = Ν ε sin
29
c
 . 
The factor e represents the geometrical efficiency for each track. In SAD it 
depends on the fraction of aerogel length crossed and the impact point on 
the aerogel blocks. For FC it depends on the intersection of the Cerenkov 
cone with the mirror. The proportionality constant N is characteristic for 
the detecting system and is determined in the calibration. It depends in 
general on the refractive index, the radiator length and the efficiency of 
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the light collecting elements. For each track, the expected number of 
photoelectrons is calculated, taking into account the geometrical 
efficiency. The probability for each mass hypothesis is then computed with 
eq. (3.1a), assuming a Poisson distribution in the number of photoelectrons, 
convoluted with a normal distribution to account for the smearing by the 
photomultiplier, as a probability density function. 
The 18 modules of SAD are optically isolated, so that each track 
contributes to the light in at most one module. In rare cases ( ~ 3%) of very 
steep tracks two modules are traversed. On the other hand, no separation is 
possible if several particles pass through the same module. 
A track traversing FC can illuminate at maximum 4 mirrors. At given track 
angle, the intersection of the Cerenkov cone with the mirror matrix depends 
on the momentum and on the hypothesised mass. The maximum Cerenkov angle is 
6 mrad, implying a maximum circle diameter of 14 cm for the intercept of the 
cone with the mirror matrix. In order to avoid the complication that one 
mirror collects light from more than one track, only those mirrors are used 
on which the light from only one particle has been collected. 
3.2.2 Identification of Secondaries by Ionisation Sampling 
The tracks in ISIS are reconstructed with the program SPIRES, independently 
from the drift chamber information. ISIS samples the ionisation of each 
track up to 320 times. The pulse heights from clean data points associated 
with a track are histogrammed. Rather than taking the truncated mean of this 
distribution, the histogram for each track is fitted to a model dE/dx 
distribution by a one-parameter maximum likelihood method [9]· This 
likelihood fit yields a value for a parameter A directly proportional to the 
ionisation strength: 
Knowing the drift velocity, the ISIS tracks are associated (matched) with 
the spectrometer tracks (program PARTID). The experimental ionisation 
relative to the minimum, I/I0, is then given by 
I/I0 » Асов · cal , (3.2) 
where the term соз corrects for the track inclination and cal represents 
the calibration factor, to be discussed later. 
For each track, the experimental value of I/I0 is then used to determine a 
probability for each mass assignment as follows. A value of I/I0 is 
predicted from the momentum, the hypothesised mass and the BT dependence 
I/I , For the latter, a theoretical calculation is used for the particular 
16 
gas [9]. In this, it is claimed that 
ζ = In (I/I0) 
is normally distributed rather than I/I0 itself. 
The spread (rms value) on ζ in the data turns out to be well described by 
Δζ = ΔΙ/Ι = 0.56//N . (3.3) 
where N is the number of ionisation measurements on the track (after 
filtering). For example, with the average in our sample N=210, this gives a 
rms value of 3-95·· The chi-square for each mass hypothesis m is then given 
by 
K m 2 = ( Z m " o b s ) 2 / ^ ) 2 ' { 3 Λ ) 
where ζ and ζ ^ are the predicted and observed values of ζ respectively. 
The probability is calculated with eq. (3·1)· 
3.2.3 The Transition Radiation Detector TRD 
The TRD tracks are reconstructed in the program GEOHYB together with the 
spectrometer tracks, and the pulse heights from the wires hit in each 
chamber are stored. 
For tracks with hits in at least 16 of the 20 possible chambers, the mean 
deposited energy is calculated from the pulse heights, taking into account 
the calibration of each wire (program PARTID). The given momentum, the 
hypothesised mass and the parametrisation of the reference energy 
distribution yield the probabilities for the different mass hypotheses. The 
reference distribution turns out to be slightly asymmetric (see below). The 
probability is calculated with eq. (3.1b). 
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3.3 CALIBRATION 
In the following the calibration of SAD, FC, ISIS and TRD is described. 
Further details can be found in ref. [2b,3c,4,5c]. 
3.3.1 SAD and FC 
The ADC's are calibrated by analysing their response to electronic test 
pulses. The gain and pedestal of each photomultiplier are determined from 
the response to light signals from a light emitting diode (LED). The 
computation of the expected signal requires knowledge of the refractive 
index of the radiator and the mean number of photoelectrons for particles in 
the plateau of the Cerenkov curve. The latter, in general, varies from cell 
to cell. 
Each module of SAD has been calibrated in a test beam before installation 
at EHS. The light yield has been determined, for a number of impact points 
at each aerogel block. The light yield has further been measured with muons 
before data taking periods. The refractive index of the aerogel is 
n=1.031 ± 0.002, corresponding to a threshold of O.56, 2.0 and 3.8 GeV/c for 
π, К and ρ, respectively. For β=1 particles the light yield is 7 
photoelectrons on average. For run B, it is 7% lower due to the aerogel 
degradation with time. 
The refractive index of the gas inside FC is determined with a 
refractrometer taking samples of this gas. The refractrometer results have 
been checked by the measurement of the threshold curve, giving the FC 
response to proton beams with different momenta chosen around the expected 
threshold. For the NA22 experiment, the refractive index was 1+19.0·10 
during run A and 1+17.5·10 during run B. The uncertainty is about 1-10" . 
The difference in the refractive indices between the two runs is due to the 
difference in temperature (230°С and 2^0°C). The corresponding threshold 
momenta in GeV/c for π,К and ρ are respectively 23, 80, 152 for run A and 
24, 83, I59 for run B. The light yield for each FC cell has been determined 
with a pion beam of 60 GeV/c. On average, the light yield is 8 
photoelectrons for i=l particles. 
3.3.2 ISIS 
The quantities to be determined in the calibration are the drift velocity 
and the ionisation calibration constants. They are determined with the data 
themselves for periods of typically 2Ц hours, and separately for the upper 
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and lower parts of ISIS. In the following we briefly describe the procedure. 
For the association of an ISIS track with the corresponding track in the 
spectrometer, the drift velocity and stop time constants are needed. They 
are determined in each calibration period by optimising the matching of 
tracks in ISIS to those from the other chambers in the spectrometer. The 
residuals to this matching have an rms spread of 3 m m in position and 1 mrad 
in angle. The drift velocity is typically 2.0 and 2.2 cm/us for run A and B, 
respectively. 
The ionisation calibration factor for each track is given by 
cal = exp(A+Bt) , (3-5) 
where the constants A and В to be determined are the amplification and 
attenuation, respectively, and t is the average drift time of the track. In 
the method employed to determine these constants, use is made of the fact 
that most of the tracks in the momentum region of 2 to 15 GeV/c are pions. 
The calibration itself proceeds in three steps. 
First, all tracks are assumed to be pions. For each track, the calibration 
factor is calculated as the ratio of the ionisation expected for a pion of 
the known track momentum and the observed value of Асов (eq. 3·2). The 
amplification and attenuation constants are then determined by a fit of eq. 
(3·5) to a sample of tracks. This calibration is wrong by a few percent, 
because a small fraction of the tracks are due to particles other than 
pions. However, their ionisation differs by not more than 10-15# from that 
of a pion. 
In the second step, a sample of so-called 'golden pions' is defined. 
Tracks are chosen with 
a) momenta and ionisation errors such that the I/I0 expected for a pion is 
more than 3·5 о from that expected for an electron or kaon and 
b) measured I/I0 within 2.0 σ of the pion expectation, when using the 
calibration constants from the first step. 
With this sample, the values for the amplification and attenuation constants 
are recalculated. A final iteration is performed by repeating the second 
step with the improved constants. 
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Figure 3·2: Calibration factors as a function of drift distance (see 
text). The lower half of the chamber is represented as a negative drift 
distance, a) corresponds to a sample from 25-6-82 {run A) and b) to a 
sample from 14-8-83 (run B). 
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In Fig. 3·2 we show the ratio of I/I0 to KcosQ as a function of the drift 
distance for a typical period of a) run A and b) run B. The data are 
consistent with an exponential loss with drift distance. This loss of 
observed pulse height is explained by an electron attachment by residual 
oxygen molecules during the long drift. The attenuation of the pulse height 
for tracks with the maximum drift distance relative to tracks near the wire 
plane is - 30% for run A and - 13% for run B. 
З.З.З TRD 
The energy calibration provides, for each wire (more precisely, each triplet 
of wires) in the proportional wire chambers of the TRD, the conversion 
between the pulse height measured in ADC channels and the energy deposited 
in the chamber by a traversing particle (dE/dx and transition radiation) in 
keV. 
The ADC's are calibrated by analysing test pulses. For each ADC, two 
coefficients describing a linear dependence of the ADC output on the test 
pulse height are determined. For an absolute energy calibration, the wires 
are equipped with radioactive -'-'Fe sources, emitting Y quanta of 6 keV. This 
absolute energy calibration is, however, only possible for one chamber, the 
last one. The remaining ones are calibrated in a statistical way by using 
tracks from real events. For each wire hit by a track, the mean value of the 
pulse heights is compared with the mean deposited energy by the same track 
in the last chamber. This gives an energy calibration for each wire relative 
to the last chamber. Correction factors are in the range 0.8 to 1.2. Hence, 
the two parameters relating the measured ADC-value with the deposited energy 
in keV are known for all wires. 
To calculate the probabilities for the different masses hypotheses at 
known momenta, a parametrisation rather than a theoretical calculation of 
the expected energy distribution is used. This parametrisation is based on 
data taken with pion and proton test beams at various momenta. The 
distribution used is a combination of two normal distributions with 
different rms values. The most probable value is below the average of the 
distribution. The asymmetry, itself a function of Y, is largest for low Ί 
values. In Fig. 3·3 the dependence of the most probable value and the HWHM 
to both sides is shown as a function of Τ [11]. Also indicated are the 
corresponding momenta for pions, kaons and protons. Above Τ=500 the yield 
increases linearly with Y. 
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Figure 3·3'· The Τ dependence of the most probable energy deposited in 
the TRD (averaged over all chambers) and the HWHM values to both sides 
(dashed). The corresponding momenta for pions, kaons and protons are 
indicated in GeV/c. 
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3.4 PERFORMANCE 
In the following, the performance in terms of acceptance and particle 
separation wil be discussed for each detector as a function of momentum. A 
more detailed analysis of the performance of SAD and FC and results obtained 
with these devices will be given by De Roeck [6]. 
The acceptance of a detector is defined as the proportion of reconstructed 
tracks leaving the primary vertex that are hybridised and pass through the 
detector. A hybrid track is a track fully reconstructed in both bubble 
chamber and spectrometer (see section 2.2.1). Note that this acceptance is 
not merely the geometrical acceptance of a device but includes losses due to 
secondary interactions and reconstruction inefficiencies. In general, not 
all tracks that pass through a detector are useful for particle 
identification. 
To check the particle separation of the particle identification devices, 
it is desirable to have a sample of tracks with known mass. To this end, we 
use tracks originating from strange decays and photon conversions in RCBC 
and from elastic events. 
A sample of tracks is kinematically fitted to Λ, Λ, K" decay hypotheses or 
Τ conversion in the bubble chamber [12]. For the present purpose, only 
tracks uniquely identified by a fit of the highest constraint class are 
used, e.g. a negative track with a successful fit to both K0 and Λ is 
accepted as a pion, while the corresponding positive track is discarded. In 
addition, the fit probability is required to be greater than 1%. We may 
consider that these tracks form a sample of identified electrons, pions and 
protons (where, as in the following, with the notation 'electron' and 
'proton' also their anti-particles are included). The total sample comprises 
8916 hybrid tracks with 33% electrons, ^0% pions and 7% protons. 
3.4.I SAD 
In Fig. 3·4 we show the combined acceptance of the 18 SAD modules for 
positive particles as a function of momentum. The acceptance for negative 
particles is similar. The arrows indicate the π, К and ρ threshold, 
respectively. 
The following tracks are excluded from identification in SAD: 
1. Tracks passing a module close to the edge ( - 10%). 
2. Tracks passing a module, which is hit by another track ( - 30%). For this 
cleaning step all spectrometer tracks are used, hybridised or not, and in 
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addition the so-called 'quasi-hybrid' tracks. The latter are bubble 
chamber tracks compatible with hits in the proportional wire chamber W2 
[13]. 
3. In addition, - 5# of the tracks are excluded due to a number of technical 
cuts. 
The acceptance, resulting after removal of these tracks is shown by the 
dashed line in Fig. З·'*· 
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Figure З·1*! The acceptance of SAD for positive particles as a function 
of particle momentum. The dashed histograms correspond to the acceptance 
after the application of cuts described in the text. The arrows 
correspond to the π, К and ρ thresholds, respectively. 
In Fig. 3-5 the light yield is plotted versus momentum for kinematically 
identified a) pions and b) protons. Also shown Is the mean number of 
photoelectrons expected for pions, kaons and protons. For the plateau value 
of the light yield the average over all 18 modules (7 photoelectrons) is 
used. All pions are above threshold, while the proton sample includes 
protons with momenta both below and above threshold. As expected, the 
majority of the pions produce light and the majority of the protons below 
threshold do not. If we define a minimum light signal corresponding to O.5 
photoelectrons, 95±Ι*% of all pions give light and 88±115i of the protons 
below threshold do not. Within the useful acceptance, SAD can, therefore, 
well be used as a threshold device. The wide spread of the light signal for 
pions in Fig. 3·5β shows that it cannot be used beyond this. 
54 
u -
12 -
и 10 h 
8 -
6 -
4 
2 
0 
X X X * X X X χ 
χ 
" * χ
 χ χ 
Xх * Χ ™ &f χ
 χ
 f χ 
χ
 и χ Χ * X х * * * 
^ * χ ϊ V 4 " ^ 
* ί á" χ* Χ ж^ ^ 1 
α> pions 
679 tracks 
t» protons 
97 tracks 
3 4 5 
momentum GeV/c 
Figure 3·5: Scatter plot of the measured number of photoelectrons versus 
momentum for tracks kinematically identified as a) pion and b) proton. 
The full lines are the mean values expected for pion, kaon and proton. 
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3.4.2 FC 
The acceptance of FC as a function of particle momentum is shown in Fig. 3.6 
a) for run A and b) for run B. It is required that the track be 
reconstructed with an impact in D5, the driftchamber behind FC. The 
acceptance is shown for the positive tracks; the negatives have similar 
acceptance. The arrows indicate the η, К and ρ threshold, respectively. 
The influence on the acceptance of the different magnet M2 configurations 
in run A and В deserves a comment (see also section 2.1.3). As expected, the 
acceptance for tracks with momenta just above 20 GeV/c is better for run B. 
However, the acceptance in the region of 100 GeV/c is worse, appearantly due 
to a lower reconstruction efficiency in run B. 
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Figure 3-6: The acceptance of FC for positive particles as a function of 
particle momentum for the two runs. The dashed histograms correspond to 
the acceptance after the application of cuts described in the text. The 
arrows correspond to the π, К and ρ thresholds, respectively. 
The following cuts are applied on each track before being used for 
particle identification: 
1. To avoid the complication of a mirror collecting light from more than one 
track, only mirrors collecting light from only one particle are used. A 
track is excluded, if all mirrors which can receive light from that track 
could also receive light from another track. For this cleaning step, all 
tracks reconstructed in the spectrometer are taken into consideration, 
irrespective of whether they are hybridised or reach D5. 
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2. In some cases, only a small fraction of the light is expected on the 
mirror(s) left after cut 1. If no light is detected by that mirror, this 
yields (almost) equal probabilities for the pion, kaon and proton 
hypotheses. The exclusion of tracks corresponding to such cases affects a 
few percent of the tracks. 
The fraction of tracks with useful information on particle identification 
is shown in Fig. 3.6 as dashed histogram. 
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Figure 3-7: The mean number of photoelectrons as a function of momentum 
in FC expected for pions, kaons and protons. 
The mean number of photoelectrons expected for pions, kaons and protons is 
shown in Fig. 3.7. For the maximum light yield the average over the 14 
mirrors (8 photoelectrons) is taken. The momentum distribution of the sample 
of kinematically identified tracks is such that only a small fraction is 
within the acceptance of FC. Nevertheless, we can select a number of pions 
and protons with momenta in the range 3О-8О GeV/c, i.e. well above the pion 
threshold and below the kaon threshold. This sample amounts to 22(56) pions 
and 6(17) protons from run A (B). Since, the number of photoelectrons 
measured by one cell is, in general, not related to a single track, we 
analyse the sample in terms of probabilities. The probability distribution 
corresponding to the pion mass and that corresponding to the proton mass is 
shown in Fig. 3-8 for the pion sample. Whereas, the probabilities 
corresponding to the proton mass are mainly confined to the first bin, the 
ones corresponding to the pion mass are reasonably spread between 0 and 1, 
as expected for pions. 
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Figure 3-8: The FC probability distribution for the a) pion mass 
hypothesis and b) proton mass hypothesis for kinematically identified 
pions in the momentum range 30-80 GeV/c (78 tracks). 
Separation between pions and protons using as a criterium the highest 
probability yields a success rate of S5±10% for the pions and 83±19# for the 
protons. Note that the pion/kaon separation would be identical, since the 
momenta are below the kaon threshold. 
3.4.3 ISIS 
The acceptance of ISIS is shown in Fig. 3.9. for a) positive and b) negative 
tracks, respectively. A track is within the acceptance, if there is an 
association of the spectrometer track with an ISIS track. 
In order to be used for particle identification, the following cuts have 
to be passed by each track. 
1. A track is excluded when not fulfilling the requirements on the quality 
of the association of the ISIS track with the spectrometer track and on 
the uniformity of the pulse height distribution along the track. These 
cuts affect a few percent of the tracks. 
2. Tracks with more than two times minimum ionisation are excluded. Fig. 
З.ІО is a histogram of measured I/I0 values for a large number of tracks. 
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Figure 3.9: Acceptance of ISIS as a function of particle momentum for a) 
positive and b) negative particles. The dashed histograms correspond to 
the acceptance after the application of cuts described in the text. 
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Figure 3-10: Measured values of I/I0 for a general sample of tracks. 
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The vast majority falls into the range 1.0 to I.56. There is, however, a 
significant number of unresolved double tracks giving values in the range 
2.0 to 3-2. This is due to unresolved close tracks in ISIS. The two track 
resolution in ISIS is about I.5 cm. 
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Figure 3·11: Variation of observed ionisation (relative to that expected 
for a pion) near the beam region. The tracks originate from events after 
a) I-5 and b) more than 30 beam particles within the sensitive time of 
RCBC (see text). The sample corresponds to run A with pion beam. 
. Due to space charge effects, a pronounced loss of gas amplification 
occurs in the beam region. Fig. 3.II shows the variation of the observed 
ionisation strength (with respect to that expected for a pion) with the 
distance from the centre along the wires '. The horizontal focus of the 
beam is approximately at zero. The loss of gain in the beam region 
depends strongly on the number of beam tracks that have traversed ISIS 
1
 more precisely, the horizontal position of the track 512 cm downstream of 
the centre of RCBC. 
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(in the bubble chamber sensitive time) before the triggering event 
occurs. This can be seen by comparing Fig. З-Иа and b, where the tracks 
originate from events after 1-5 and more than 30 beam particles, 
respectively. The maximum loss ranges from 15 to 25% (note that for 
meaningful particle identification, it is desirable to keep the 
systematic effects on the ionisation estimate on the 1% level). It has 
been verified that the problem is confined to tracks in the lower half of 
the chamber where the beam passes. Tracks below the wire plane in the 
beam region are, therefore, excluded. As a safe cut ± 4 cm is used in the 
wire direction. 
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Figure 3-12: The number of ionisation measurements per track for tracks 
with reliable ionisation information. The dashed histogram is for tracks 
with momenta below k GeV/c. 
4. Tracks with less than 80 ionisation samplings are excluded. Figure 3·12 
shows the distribution in the number of ionisation samplings on a sample 
of tracks after cuts 1-3. All these tracks should, in principle, have 
reliable ionisation information. The number of ionisation samplings is 
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less than 320 due to filtering of overlapping track regions and due to 
the fact that many of the low momentum tracks pass out of the top or 
bottom before reaching the end of the fiducial volume (see dashed line in 
Fig. 3.12). To assure a reasonable ionisation resolution, somewhat 
arbitrarily, a condition of at least 80 ionisation samplings is imposed. 
After this cut the average number of samplings is 210, corresponding to 
an ionisation resolution ΔΙ/Ι of 3.9JÍ (rms). 
The fraction of tracks with useful ionisation information (cut 1-3) and at 
least 80 samplings (cut k) is shown as dashed histogram in Fig. 3.9 a) for 
positive and b) for negative charge respectively. The fast decrease of this 
fraction for high momenta is mainly due to the beam plane cut 3. With the 
field orientation used in Ml, this cut affects negative particles more than 
positive ones. In general, the slower positive tracks pass through the upper 
part and the negative as well as the faster positive tracks through the 
lower part of the chamber. 
Next, the analysis of our sample of kinematically identified tracks is 
presented. These tracks are subjected to the cuts discussed, so that the 
remaining ones should have reliable ionisation information and at least 80 
samplings. Fig. 3.I3 shows that these tracks are well spread over the 
complete drift distance in ISIS, except for small distances on the negative 
side which are affected by the beam plane cut. 
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Figure З.ІЗ: Histogram of mean drift distance for the sample of 
kinematically identified tracks. The lower half of the chamber is 
represented as a negative drift distance. 
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For this sample, the measured values of I/I- are plotted against momentum 
in Fig. З·!**. together with the expected curves for electrons, pions, kaons 
and protons. The measured ionisation indeed clusters around the expected 
curves. (To avoid too many entries in the scatter plot. Fig. I.lh 
corresponds to the subsample of run В only. Run A looks similar and the 
quoted numbers below refer to the combined run A and В sample). 
To check the analysis quantitatively, the probability corresponding to the 
correct mass hypothesis is shown in Fig. 3·15 for electrons, pions and 
protons. The distributions are reasonably flat, indicating that the error 
analysis used is correct. 
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Figure 3·15: The ISIS probability distributions for the kinematically 
identified electrons, pions and protons, as indicated. 
Using the highest probability as a criterium, the success rate is 97*2% 
for electrons, 9li±2% for pions and 9^15^ for protons, for this track sample. 
When also the kaon hypothesis is taken into consideration, the success rate 
becomes 90±2% for pions and 71±5% for protons. 
The majority of kinematically identified tracks have momenta below 30 
GeV/c. The check with this sample shows that ISIS performs well in this 
region. For momenta above 30 GeV/c the fraction of useful tracks decreases, 
since these are confined to the beam region. Even with the aforementioned 
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cut, systematic effects of ~ 2% are not excluded. Further studies are needed 
to extend the use of ISIS to higher momenta. 
For a general track sample, the efficiency of particle identification 
depends on the contamination considered to be acceptable and the relative 
fluxes concerned. As an example, we give an estimation of the efficiency and 
the purity of track samples, to be achieved under the given ionisation 
resolution of ISIS (eq. 3·3) with one specific separation method. The 
separation procedure is as used for the TPC [14]. For each track, weights 
are defined for the е/л/К/р hypotheses as 
A(i.p) 
W(i) = — f±(z) , (3.6) 
where i=e,n,K,p and A(i,p) is the fraction of particle type i at momentum p, 
fi(z) is the probability density function for a particle of known momentum 
and mass m^ to give a signal z. In this case 
r±(z) = ехр(-Х2±/2) 
is used, where X J is given by eq. (3·Ό· N is a normalisation factor to 
ensure that W(e)+W(n)+W(K)+W(p)=l. A particle is called а л , К or ρ if the 
corresponding weight satisfies 
W(i) > 0.7 . (3.7) 
We have estimated by the Monte Carlo method the expected efficiency and 
purity of a sample of tracks identified in that way. The efficiency for e.g. 
kaons is defined as the quotient of the number of particles called kaon and 
the number of generated kaons. The purity is the fraction of genuine kaons 
in the sample of particles called kaons. 
The particle compositions A(i,p) is taken 0.01, 0.80, 0.10 and 0.09 for e, 
π, К and ρ, respectively, a reasonable first approximation. The ionisation 
resolution is calculated from the experimental distribution of the number of 
samplings, assuming that this distribution is independent of particle type 
and momentum. The resulting efficiency and purity are given in Table 3·1 for 
two momenta, 5 end 30 GeV/c. The purity is always higher than 70% by 
definition (eq. 3·7)· As expected from the abundance of pions and the good 
separation of protons, the efficiency for pions and protons is higher than 
for kaons. As expected, the performance is, in general, better for the lower 
of the two momenta, since here the difference in the relative ionisation for 
the different masses is largest (see Fig. 3·ΐΌ· 
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Table 3.1: The estimated efficiency and purity with one 
separation method (see text). 
particular 
electrons 
pions 
kaons 
protons 
5 GeV/c 
efficiency purity 
0.949 
0.993 
O.589 
0.699 
0.983 
O.99I 
0.839 
O.879 
30 GeV/c 
efficiency purity 
0.010 
0.995 
О.ІЗІ 
0.694 
1.000 
O.956 
O.729 
О.883 
3.4.4 TRD 
The acceptance of TRD as a function of particle momentum is shown in Fig. 
3.16. a) for run A and b) for run B. The acceptance is given for the 
positive tracks, but is similar for negative ones. The tracks within the 
acceptance are spectrometer tracks with hits in the proportional wire 
chambers of TRD. For the difference in acceptance between run A and B, the 
same remarks apply as made for the FC. 
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Figure 3.I6: The acceptance of the TRD for positive particles as a 
function of particle momentum for the two runs. The dashed histograms 
correspond to the acceptance after the application of cuts described in 
the text. The arrows correspond to the π, К and ρ thresholds, 
respectively. 
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In order to be used for particle identification the following cuts have to 
be passed by each track. 
1. Only 'clean' tracks are accepted. These are defined by cuts on the number 
of gaps (i.e. missing hits) on the particle trajectory and on the number 
of hits on vertically adjacent wires. The vertical resolution in TRD is 
57 nm. 
2. Tracks with less than 16 hits are excluded. 
The fraction of tracks after these cuts is shown as dashed histogram in 
Fig. 3·16. The fraction of useful tracks is lower in run B, mainly due to 
cut 1. This can be explained by the different magnetic field configuration 
which leads to a larger number of tracks traversing the TRD in run B. 
In Fig. 3·17β we show the distribution of the deposited energy (averaged 
over all chambers) for tracks with momenta below 28 GeV/c (the sample 
corresponds to the pp events). Particles with such low momenta (Y<200) do 
not emit transition radiation, hence the deposited energy is dE/dx only. 
Together with the data the reference distribution for Ύ=200 is shown, 
normalised to the same number of tracks. The corresponding probability 
distribution is shown in Fig. 3·18&· Apart from an enhancement in the first 
bin, the distribution is flat. The enhancement corresponds to the tail of 
the energy distribution, probably arising from overlapping tracks or 
electron contamination. 
For higher momenta (say > 80 GeV/c), πΚ/ρ separation is possible from the 
difference in yield of transition radiation. This difference increases with 
increasing energy. In Fig. 3-17b-d we show the distribution of the deposited 
energy for a sample of tracks from elastic pp, K +p and π ρ events, 
respectively (the л ρ and Κ ρ events are from run A). Since, the difference 
between the momentum of the fast outgoing particle and the incident beam 
momentum is negligible, these tracks can be considered a sample of known 
protons (b), kaons (c) and pions (d) at 250 GeV/c. The Τ values are 266, 506 
and 1791> respectively. In Fig. 3'l8b-d the corresponding probabilities for 
these data samples are shown. 
The separation of protons, respectively kaons, against pions using the 
highest probability as a criterium yields a success rate of 92±5% for the 
protons (neglecting the kaon hypothesis) and 89±6ji for the kaons (neglecting 
the proton hypothesis). The success rate is 97*3?· for pions against protons 
(neglecting the kaon hypothesis) and 92t3% for the pions against kaons 
(neglecting the proton hypothesis). 
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FOUR 
PHASE SPACE DEPENDENCE OF THE MULTIPLICITY DISTRIBUTION 
4.1 INTRODUCTION 
Although the charged multiplicity is only a global measure of the 
characteristics of the final state of a high energy collision, it is a 
useful tool to study the general mechanism of particle production. 
Independent emission of single particles leads to a Poissonian multiplicity 
distribution. So, deviations from this shape reveal correlations. 
Correlations of a trivial kind, possibly hiding underlying dynamics, arise 
as a consequence of conservation laws. Correlations are, furthermore, 
expected from the fact that most of the particles observed in the final 
state are decay products of resonances. 
Multiplicity distributions have been given for hadron-hadron and 
lepton-hadron collisions and for e+e~ annihilations into hadrons. Since in 
hadronic collisions the inelastic cross section consists of a diffractive 
and a non-diffractive component, it is appropriate to study the multiplicity 
distribution for these components separately. In particular, the 
non-single-diffractive (denoted further as NSD) multiplicity distribution is 
studied up to SPS collider energies. 
Not only the full phase space multiplicity distribution is of interest, 
but perhaps more so, the distribution in limited parts of phase space. 
First, if different basic subprocesses contribute in different regions of 
phase space, a study in various limited parts of it is natural. Second, if 
energy-momentum conservation strongly influences the multiplicity 
distribution for full phase space, the distribution in the central region is 
presumably free from kinematical constraints and so can give a more direct 
measure of the production process. 
In 1972 Kobe, Nielsen and Olesen predicted [1], for hadron-hadron 
interactions, an asymptotic scaling of the charged multiplicity distribution 
when the charged multiplicity is expressed as a fraction of the mean. This 
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seeding law already seemed to hold in the energy range from Js=10 GeV to 63 
GeV for NSD pp collisions [2]. However, when going to /s=5'+6 GeV, a broader 
multiplicity distribution was found than predicted by this scaling law from 
lower energy data [3]· Although originally formulated for infinite energies 
and full phase space multiplicities, nowadays the expression 'KNO scaling' 
is used in many contexts when multiplicity distributions are scaled with the 
mean, the so called 'KNO form'. Many modifications have been proposed to the 
original KNO scaling law, in particular for inelastic multiplicity 
distributions. One of the most recent is the so-called 'KNO-G' scaling 
[4.5]. 
One of the most striking phenomena emerging from recent studies of 
multiplicity distributions is the wide occurence of the negative binomial 
distribution. Its usefulness in describing full phase space multiplicity 
distributions has already been shown in the early seventies, e.g. [6,7]· The 
interest in it has revived by the observation of the UA5 collaboration that 
the charged multiplicity of NSD pp and pp collisions is well described by 
the even component of a negative binomial distribution, from a centre of 
mass energy Js=10 GeV to Js^^S GeV [Θ]. Moreover, the same collaboration 
has found for NSD pp collisions at
 1/^ s=5't6 GeV, that not only the full phase 
space multiplicity distribution appears to be of this type, but also the 
distribution for various central pseudo-rapidity intervals [9]· Since then, 
negative binomial fits have been performed to full phase space 
multiplicities at other energies and for other types of collision [10-12], 
as well as on multiplicity distributions in limited parts of phase space for 
hadronic collisions at other energies [13"15]. hadron-nucleus collisions 
[15], e e~ annihilation into hadrons [16] and for lepton-hadron collisions 
[17]. Reviews are given in refs. [18-21]. 
The interpretation of multiplicity distributions, in general, and the 
description of them by negative binomials, in particular, has led to 
extensive discussions, e.g. [5,21,22]. We have performed a detailed study of 
the phase space dependence of the multiplicity distribution. It is our main 
aim to investigate the validity of the negative binomial distribution for 
various phase space intervals. The analysis is done for NSD л ρ and pp 
collisions. The inelastic full phase space multiplicity distribution for 
π
+
ρ, K +p and pp collisions has been presented in refs. [10,23]. Early 
results of this analysis have been published in ref. [13]· For the present 
analysis, we consider the pp data and restrict ourselves to one type of 
meson-proton collisions, namely the л ρ data, since no significant 
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difference between the π ρ and K +p full phase space multiplicity 
distributions has been found. Our data at /s=21.7 GeV allow for a comparison 
to hadronic data over a wide energy range, in particular to the SPS collider 
data, as well as to e e~ data at comparable energy. 
The EHS/RCBC set-up is well suited for this kind of study. First, because 
all charged particles can be measured over the entire solid angle with good 
momentum resolution. Second, because useful charge and particle 
identification information is available. Systematic effects are at a 
reasonable level and there is no need for extensive Monte Carlo simulations 
to correct for limited acceptance and inefficiencies. 
After a short introduction to the variables and parametrisations used for 
the description of the multiplicity distribution in sect. 4.1, the 
experimental procedure is discussed in sect. 4.2. The latter section 
includes the presentation of the rapidity distribution. The results on the 
multiplicity distribution for various limitations in phase space are 
presented in sects. 4.3 to 4.5· Comparisons with other experiments and a 
discussion on the interpretation of the data are given in sect. 4.6 and 4.7· 
Section 4.8 is reserved for summary and conclusions. Properties of the 
negative binomial distribution are given in the appendix. 
4.1.1 Variables and Parametrisations for the Multiplicity Distribution 
The probability for an event with η charged particles in the final state is 
denoted by P
n
. The average value of the distribution <n> is then given by 
<n> = Σ nP
n
 . 
For the parametrisation of the shape of the distribution, many different 
sets of variables have been advocated by various authors. Apart from the 
average and the dispersion 
D = <(n-<n>)2>1/2 . 
we quote the С moments 
C q = <n
<ï>/<n>4, q=2,3.... 
Occasionally the cumulant moments Y 
7 q = <(n-<n>)4>/<n>4, q=2.3 
Гц = (^п^п^Члп^ - ЗГ2 
are given. The С and T. moments are normalised moments. The С moments give 
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more weight to the high multiplicities, whereas the Y moments are more 
sensitive to deviations about the mean. 
The negative binomial distribution in the variable η is defined by 
(n+k-1)! ñ/k η ñ -к 
P„(ñ.k) = — (——) (1+-) . (íj.l) 
n
 n!(k-l)! 1+ñ/k к 
It depends on two parameters, the average multiplicity ' ñ and a positive 
parameter к describing the shape of the distribution. The dispersion D is 
given by 
(D/ñ)2 = 1/ñ + l/k . (1.2) 
In the limit к •» ·, the negative binomial approaches a Poisson distribution. 
More properties of the negative binomial distribution are given in the 
appendix. 
A distribution related to the negative binomial is the gamma distribution. 
It depends on only one parameter К and is defined in the scaled variable 
z=n/ñ as 
KK K-l -Kz 
^ ^ - Ï^W Z e · ( 4 · 3 ) 
The dispersion is given by 
(D/ñ)2 = 1/K . 
The gamma distribution follows from the negative binomial in the limit 
ñ » к. 
Multiplicity distributions at different centre of mass energies are often 
compared by means of the KNO form. If ζ is the scaled multiplicity z=n/<n>, 
then KNO scaling implies a universal form •(z)=<n>P
n
 for the multiplicity 
distribution. The normalised moments С and Τ are then constant *. The 
gamma distribution with constant К is an example of such a scaling function. 
1
 We denote by ñ the average of the distribution as distinct from <n>, the 
average of the experimental sample. 
1
 This is the commonly accepted definition of KNO scaling. Originally, the 
normalised factorial moments fa = <n{n-l)... (n-q+l)>/<n><1 were predicted 
to be constant. By further assuning <n> >> q this is approximated by the 
invariance of the С moments and hence t(z). 
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4.2 EXPERIMENTAL PROCEDURE 
4.2.1 Event Sample 
The first step in the analysis is the determination of the full inelastic 
multiplicity distribution. This has been evaluated on the basis of the 
scanning results of 30348 π+ρ and 5872 pp events. To check the trigger 
efficiencies and the distinction between elastic and inelastic two prong 
events, a sample of reconstructed events has been used. The procedure 
followed and the results obtained are given in refs. [10,23,24]. 
The present analysis is based on an initial sample of 20985 n+P and 5717 
pp scanned events, for which the information from an ionisation scan of the 
RCBC film is available. The events are passed through the chain of 
reconstruction programs described in section 2.2 . Table 4.1 gives the 
numbers of events after various selection criteria are imposed on the data. 
To obtain a clean event sample with well reconstructed tracks, in addition 
to the two 'standard' cuts described in paragraph 2.2.2, events are rejected 
if the following condition occurs: 
3. The event has one or more bad tracks, where 'bad' refers to track 
reconstruction quality estimators like rms, fit probability and relative 
momentum error Ap/p. 
Table 4.1: Event samples and the effect of the selection criteria applied. 
n
+P PP 
scanned 20 985 5 717 
measured 18 901 5 684 
reconstructed 18 78I 5 563 
good beam track 17 318 4 993 
complete event and correct 
total charge 15 666 4 476 
no bad tracks 11 712 3 444 
no Dalitz pairs 11 526 3 401 
inelastic 10 662 3 137 
non-single-diffractive (NSD) 8 954 2 571 
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Thus, events are accepted only if all tracks are properly reconstructed. 
This cut further reduces the sample by 25%. 
The transformation from the laboratory system to the centre of mass system 
and the calculation of the rapidity requires knowledge of the particle's 
mass. For the present analysis it is important to identify protons in the 
proton fragmentation region(s). 
Particle identification is provided by RCBC below 1.2 GeV/c. For the pp 
events, furthermore, the devices FC and TRD are used to identify fast 
protons. Positive tracks are assigned the proton mass when their momentum is 
above 80 GeV/c and the probability is higher for the proton than for the 
pion hypothesis (see sect. 3·2) (If both FC and TRD information is 
available, the TRD decision is used). All unidentified particles are 
assigned the pion mass, with the exception of positive tracks above 125 
GeV/c in pp events. These are assigned the proton mass if no FC and TRD 
information is available. It is estimated that - 80% of all positive 
particles and ~90% of all negative particles are correctly identified. 
Events with one or more tracks identified as electron (or positron) are 
rejected in order to exclude Dalitz pairs ( - 1%). 
From the remaining sample the elastic and single-diffractive events are 
removed. Two prong events are classified as elastic if both missing 
transverse momentum Δρ
τ
 and missing longitudinal momentum Δρ, (in the 
laboratory system) fulfil 
Δρ
τ
 < 0.160 GeV/c , 
Ap L < 9.0 GeV/c . 
No experimental procedure exists to recognise diffractive events 
unambigously. Different approaches have been developed in the past, e.g. 
cuts in missing mass, Feynman-x, rapidity gap, etc. We apply the following 
criterium: An event is called non-single-diffractive (NSD) if 
- the charged multiplicity η is bigger than 6, or 
- all positive tracks fulfil |xFl < 0.88. 
This cut removes about 17% of the events. 
The final data sample comprises 895^ π ρ and 2571 PP NSD events. 
To correct for losses, each event is assigned a weight depending on the 
following quantities: 
1. The probability to be accepted by the trigger. This special trigger 
weight is a function of the momenta and angles of the outgoing tracks. It 
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is mainly introduced to correct for the loss of low multiplicity events 
with one fast particle. A typical value for the relative trigger weight 
of a 2 prong event with one fast particle is 2 . The trigger losses and 
correction procedure are described by van Hal [23] and Severe!jns [25]. 
2. The multiplicity of the event. The multiplicity weight accounts for the 
overall passing rate. It follows from the requirement that the corrected 
multiplicity distribution of the event sample before the NSD cut equals 
the inelastic multiplicity distribution given in ref. [10]. 
The distributions presented below have, furthermore, been corrected by 
Monte Carlo simulation for the following two effects. 
3· Although the majority of the particles is correctly identified, some 
distributions are sensitive to residual wrong mass assignments. 
4. About 255! of the events are rejected, since they contain one or more bad 
tracks. A small increase in track rejection is found for tracks having a 
small angle with respect to the beam axis. These tracks are usually fast. 
In the case of a secondary interaction in the bubble chamber or its exit 
windows, the momentum cannot be determined accurately since there is no 
spectrometer measurement and the track will be rejected. 
Events are generated according to the Fritiof model (see below), and are 
weighted to reproduce the experimental NSD multiplicity distribution. For a 
particular distribution, a correction function is computed as the ratio of 
the original Monte Carlo distribution and that obtained after the simulation 
of the effects 3 and 4, above. 
The errors given on the various multiplicity distributions include an 
estimate of the systematic uncertainties. For full phase space, systematic 
errors are sizeable for the lower multiplicities. They arise mainly from the 
uncertainty in the trigger efficiency and in the cut to exclude single 
diffractive events. For the multiplicity distribution in limited parts of 
phase space, additional systematic uncertainties come from reconstruction 
and event selection biases and from imperfect particle identification. The 
Monte Carlo simulation does not account for all aspects of potential 
systematic effects on the data and, in principle, introduces some model 
dependence. Systematic errors are estimated by comparing the results 
obtained after variation of trigger efficiencies, cuts on track and event 
'quality', the cut on diffractive events and variation of mass assignment 
criteria. For full phase space, we estimate systematic errors of 25%, i8% 
and 11% for 2,4 and 6 prongs, respectively. For limited phase space, the 
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assigned errors are varying from 33> up to a maximum of 25J!. The lowest 
multiplicities are the most uncertain. The systematic errors are added in 
quadrature to the statistical ones. 
k.2.2 Rapidity Distribution 
The multiplicity distribution will be studied for different cuts in 
rapidity. We, therefore, briefly present the charged particle densities in 
rapidity space. In Fig. 4.1 the rapidity distribution for the NSD n+p and pp 
data is shown, separately for a) positive and b) negative particles. 
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Figure 4.1: Rapidity distribution for π+ρ and pp data: a) positive 
particles b) negative particles. The errors are statistical. 
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One recognises its characteristic shape with a 'plateau' around y=0 and a 
fast decrease for lyl>2. The kinematical limit for a pion is lyl=5.0 and for 
a proton lyl=3.1 . The rapidity plateau extends to about ± 1.5 units; by 
lyl -2.5 the distribution has fallen to half its maximum. One observes a 
faster decrease in the proton fragmentation region than in the pion 
fragmentation region. This is not merely a reflection of the difference in 
kinematical limit between pion and proton, since the effect is also seen for 
the negatives, which comprise mainly pions. 
Ц.З MULTIPLICITY DISTRIBUTION FOR FULL PHASE SPACE AND SYMMETRIC RAPIDITY 
INTERVALS 
The multiplicity distribution for our π ρ and pp data samples is determined 
for a set of symmetric rapidity intervals lyl < y
c u t ranging from У с и
 =0'25 
to full phase space. The distribution for all charged particles is presented 
first. In a later step, negative and positive particles are separated. 
4.3.1 All Charged Particles 
In Fig. 4.2, charged multiplicity distributions for the statistically more 
significant π ρ data sample are shown. Each distribution corresponds to a 
different rapidity interval with У
си
*·
 a s
 indicated. For clarity, each 
successive distribution is displayed higher by a factor of ten or one 
hundred. (The histograms correspond to fits with the negative binomial 
distribution, to be discussed later.) 
For intervals with У
си
*-
=0*25 to y
c u
t =2'0. the even and odd multiplicities 
when taken separately follow the same distribution. From У
с и
 =2'5 onwards, 
odd-even fluctuations start to be visible. These fluctuations grow rapidly 
with increasing y
c u t · In the limit of full phase space, the multiplicity is 
even from charge conservation. Note that this influence of a conservation 
law first appears in the tail of the distribution. 
In order to compare the shape, the y
cu
t?2 and full phase space 
distributions are shown in KNO form in Fig. 4.3· The distribution clearly 
widens as the rapidity interval is restricted. In the present sample, we 
observe fluctuations around the mean multiplicity to z»3 for full phase 
space, while for |y| < 0.5 events with ζ values of 6 to 8 are seen. 
The multiplicity distribution is quantified by its moments. The average 
multiplicity <n>, the dispersion D and the moments C2 to Сц are given in 
Table 4.2 for full phase space and various rapidity intervals, both for 
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π+
ρ —> all charged 
Figure 4.2а: Charged multiplicity distribution for π +ρ data in different 
rapidity intervals |y| < y
c u t as indicated and full phase space. Each 
successive distribution is shifted up by one decade relative to the 
previous interval. The histograms show the best fit negative binomials. 
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π+
ρ —> all charged 
Figure 4.2b: Each successive distribution is shifted up by two decades 
relative to the smaller interval. 
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Figure 4.3: Charged multiplicity distribution for n+p data in different 
rapidity intervals |y| < y
c u t and full phase space, plotted in KNO form. 
Each successive distribution is shifted dovm by one decade relative to 
the smaller interval. In addition, the full distribution is multiplied 
by 0.5 for proper normalisation. The histograms show the best fit 
negative binomials. 
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the π+ρ and pp data. The moments are given for the complete distribution, 
i.e. events with no track in the selected interval are included. 
It should be noted that, especially the highest moments are sensitive to 
the experimental cutoff in the observed multiplicity due to limited 
statistics. We estimate that for the smallest interval lyl<0.25, the 'true' 
C2, Co and Ch moments are up to 1%, 3% end 7% higher, respectively. The 
relative deviations are decreasing with increasing size of the rapidity 
interval. For full phase space, they are 0.1%, 0.5% and 1.5%, respectively. 
However, the deviations of the C-moments expected from this effect never 
exceed the errors quoted in Table k.2 by more than a factor 1.1. 
As seen from Table 4.2, all C-moments increase with decreasing rapidity 
interval, reflecting the widening of the KNO distribution. Furthermore, as 
already observed for the case of all inelastic events [10], the full phase 
space π ρ data have a somewhat narrower KNO multiplicity distribution and 
higher average multiplicity than the pp data. 
Table. 4.2: Moments of the charged multiplicity distribution in symmetric 
rapidity intervals |y| < y
c u t and full phase space. 
y
c u t <n> D C 2 C 3 C 4 
n
+p Ο.25 
O.5O 
1.0 
1.5 
2.0 
2.5 
full 
pp 0.25 
0.50 
1.0 
1.5 
2.0 
2.5 
full 
0.9410.03 
1.88±0.04 
3.71*0.05 
5.45±0.07 
6.98±0.08 
8.1110.08 
9.231Ο.14 
О.931О.04 
I.901O.O5 
З.731О.07 
5.471O.09 
6.961O.II 
8.0710.12 
8.9310.16 
1.1210.02 
І.771О.ОЗ 
2.8010.04 
З.5ІІО.О5 
3.9310.05 
4.0210.05 
З.741О.О6 
1.1410.03 
I.821O.O5 
2.8110.06 
З.571О.О8 
4.0010.08 
4.II1O.09 
3.8О10.О8 
2.4110.08 
I.891O.04 
I.571O.02 
1.4210.02 
I.321O.O2 
I.251O.OI 
I.I61O.OI 
2.5OIO.IO 
І.9ІІО.О5 
І.571О.ОЗ 
I.431O.O2 
І.ЗЗІО.О2 
I.261O.O2 
I.I81O.OI 
7.61Ο.5 
4.71Ο.2 
З.І71О.О9 
2.4810.06 
2.0810.04 
1.8110.03 
1.5310.03 
8.310.7 
4.910.3 
3.110.1 
2.5310.08 
2.1310.06 
1.8610.05 
1.5910.04 
3013 
1511 
7.710.4 
5.110.2 
3.710.1 
2.9410.08 
2.2310.07 
3515 
1612 
7.510.5 
5.310.3 
3.910.2 
3.110.1 
2.4010.10 
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In the central region, however, the π+ρ and pp data are identical within 
errors. Apparently, the observed difference for full phase space is entirely 
due to the η fragmentation region. 
The negative binomial distribution (eq. 4.1) is fitted to the data with ñ 
and 1/k taken as free parameters. The histograms in Figs. 4.2 and 4.3 show 
the results of the fits. Table 4.3 gives the best fit ñ and 1/k parameters 
together with the Хг and the number of degrees of freedom (NDF), both for 
the η ρ and pp data. 
Table 4.3: Fit results of the negative binomial to the charged multiplicity 
distribution for symmetric rapidity intervals |y| < y
c u t and full phase 
space. 
1/k (xlOO) X2/NDF 
0.25 
0.50 
1.0 
1.5 
2.0 
2.5 odd 
even 
3.0 odd 
even 
full even 
0.94±0.02 
1.87±0.02 
3.67±0.04 
5.4210.05 
6.95±0.04 
7.79±0.08 
8.4U0.08 
7.27±0.07 
9.69±0.06 
9.22±0.05 
36 ±4 
36 ±2 
28 ±1 
23.Aio.9 
17.3±0.6 
9.8±0.7 
13.8±0.7 
6.5±0.6 
5.0±0.3 
5.8±0.3 
1.1/ 6 
6.4/11 
2*». 7/17 
22.5/21 
29.8/23 
12.3/10 
8.2/11 
6.1/ 9 
16.8/11 
5.0/10 
0.25 
0.50 
1.0 
1.5 
2.0 
2.5 odd 
even 
3.0 odd 
even 
full even 
0.93±0.02 
1.90±0.03 
3.7210.05 
5.4210.06 
6.8810.07 
7.ЗЗІО.ІО 
8.691O.I2 
7.I91O.I2 
9.O81O.O9 
8.95±0.08 
42 15 
39 ±3 
32 11 
25 И 
18.7±1 
9.7±0.9 
16.011.1 
5.811 
7.5±0.6 
7.110.5 
3.1/ 7 
5.3/ІО 
14.3/16 
20.5/20 
25.7/22 
7.4/ 9 
3.4/11 
4.2/ 8 
6.8/11 
9.9/IO 
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For central intervals up to ycut=2-0, the data are well described by the 
negative binomial, as one can judge from the figures and the Xï/NDF. 
Strictly speaking, the negative binomial distribution cannot represent 
full phase space charged multiplicities. The latter are always even, whereas 
the negative binomial is defined for all non-negative integer values of n. 
One usually bypasses this problem by taking only the even integers from the 
negative binomial distribution with parameters ñ and 1/k, and renormalises 
the distribution. Following this procedure, good fits are obtained for the 
full π ρ and pp charged multiplicity distributions. 
In the intermediate region, where the 'odd-even effect' emerges, the 
charged multiplicity distribution is studied for the intervals with y
cu
t=2.5 
and 3·0 . For these intervals the fit is done separately for the odd and 
even values of n. Both ñ and 1/k come out different. (It is verified that 
for smaller intervals, fits for odd, even and all values of η give 
comparable values for ñ, 1/k and X*/NDF). 
π
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Figure 't.'»: Charged multiplicity distribution for п+р data in the 
rapidity interval |y| < 1.0, plotted in KN0 form using a) logarithmic 
and b) linear vertical scale. The histograms show the best fit negative 
binomials and the curves the gamma distributions with K=2. 
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We also have studied how well our data are described by the gamma 
distribution (eq. 4.3)· As an example, in Fig. ЦЛ the π+ρ multiplicity 
distribution in the interval lyl < 1 is shown in KNO form using a) 
logarithmic and b) linear vertical scale. The data are compared with the 
best fit negative binomial (k=3.6) and the gamma distribution with K=2 (not 
a fit, see sect. 4.7-2). The latter describes the tail of the distribution 
well, but deviates at low multiplicities. Note that the gamma distribution 
can give no zero prong events. 
Most of the data on multiplicity distributions from experiments at the ISR 
and the SPS collider are given for cuts in pseudo-rapidity, since only 
angles, no momenta, could be determined. To allow for a comparison with 
these data, the analysis of the pp data has been repeated with cuts n
c u t in 
pseudo-rapidity rather than in rapidity. The moments of the multiplicity 
distribution for intervals Ini < n
c u t are given in Table 4.4 . Results of 
fits with the negative binomial to these distributions are given in Table 
4-5 · A comparison of the average multiplicity for small central intervals 
given in Tables 4.2 and 4.4, shows that the particle density at л=0 is about 
20% lower than that at y=0. The C-moments are larger for symmetric 
pseudo-rapidity intervals than for rapidity intervals with the same 
numerical cut value. 
Table 4.4: Moments of the charged multiplicity distribution in symmetric 
pseudo-rapidity intervals |τι| < n
c u t for the pp data. 
" c u t 
pp 0.25 
O.5O 
1.0 
1.5 
2.0 
2.5 
<n> 
0.74±0.03 
1.52±0.05 
3.07±0.07 
4 .6 l±0.08 
6.0 ±0.1 
7.2 ±0.1 
D 
0.99±0.03 
1.56±0.04 
2.44±0.05 
3.16±0.06 
3.68±0.07 
3.95*0.08 
C 2 
2.8l±0.12 
2.06±0.06 
1.63±0.03 
1.47±0.02 
1.37±0.02 
1.31±0.02 
C 3 
10.3±0.9 
5.7±0.4 
3.4±0.1 
2.70±0.09 
2.30±0.07 
2.03±0.05 
c 4 
47±7 
20±2 
8.610.7 
5.8±0.3 
4.5±0.2 
3.6±0.2 
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Table Ί.5: Fit results of the negative binomial to the charged multiplicity 
distribution for symmetric pseudo-rapidity intervals Ini < i
c u t for the pp 
data. 
PP 
"cut 
0.25 
0.50 
1.0 
1-5 
2.0 
ñ 
0.73*0.02 
1.5110.03 
3.0410.05 
4.5710.06 
5.9710.07 
1/k (xlOO) 
16 ±6 
40 ±3 
29 ±2 
25 ±2 
19.5±1.1 
X2 /NDF 
8.9/ 5 
2.7/10 
22.I/15 
16.4/18 
22.0/21 
4.3.2 Negative and Positive Particles Taken Separately 
We now turn to the multiplicity distribution for the negative and positive 
particles separately. In Figs. 4.5 and 4.6, these distributions are shown in 
KN0 form for the л+р data sample in various symmetric intervals |y| < y
c u t . 
together with the best fit negative binomial. 
The results of the fits to the n+p and pp data, listed in Table 4.6, show 
that also the separate multiplicity distributions for the negative and 
positive particles are well described by the negative binomial distribution, 
with the exception of the distribution of the positive particles for 
у
 t=3.0 and for full phase space, where 1/k is negative and X
1/NDF is 
large. 
4.3.3 A First Evaluation 
The results from the negative binomial fits obtained so far (Table 4.3 and 
4.6) are displayed in Fig. 4.7 for the π +ρ data (a.b.c) and pp data (d.e.f). 
The values for the parameters ñ, 1/k and к (calculated from 1/k) are shown 
as a function of y
c u t · Both к and 1/k is plotted, because of the large 
variation of the к parameter in the large y
cu
*. region (No values are plotted 
for the positive particles with y
c u
t =3.0 and full phase space, since there 
the distribution is not well described by a negative binomial. Also the 
values for all charged particles in the 'odd-even' region are omitted). 
As expected from the behaviour of the moments, the л ρ and pp data are 
similar in the central region, but differ for full phase space. 
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Figure k.5'· Multiplicity distribution of negatives for π +ρ data in 
different rapidity intervals lyl < y
c u ti plotted in KNO form. Each 
successive distribution is shifted down by one decade relative to the 
smaller interval. The histograms show the best fit negative binomials. 
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Figure 4.6: Multiplicity distribution of positives for η +ρ data in 
different rapidity intervals |y| < y
c u t , plotted in KN0 form. Each 
successive distribution is shifted down by one decade relative to the 
smaller interval. The histograms show the best fit negative binomials. 
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Figure 4.7ΐ The negative binomial parameters determined for the 
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particles in symmetric rapidity intervals |y| < y
c u ti as a function of 
y
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subfigures (a.b.c) correspond to the π +ρ and (d.e.f) to the pp data. 
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Table 4.6: Fit results of the negative binomial to the negative and positive 
multiplicity distribution for symmetric rapidity intervals |y| < y c u t and 
full phase space. 
negatives positives 
y_ut ñ 1/k (xlOO) X'/NDF ñ 1/k (xlOO) X' /NDF 
0.25 
O.5O 
1.0 
1.5 
2.0 
2.5 
3.0 
full 
0.4410.01 
0.88±0.01 
1.6910.02 
2.4110.02 
2.971O.O2 
З.З'НО.ОЗ 
3.5210.03 
3.5910.02 
17 it 
16 12 
15 12 
11 11 
7.21O.8 
З.51О.7 
O.91O.6 
-O.61O.4 
3/ 4 
3/ 6 
3/ 8 
5/10 
4/10 
1/10 
2/10 
10/10 
О.5ІІО.ОІ 
1.0010.02 
2.0210.03 
3.0410.03 
4.0210.04 
4.8010.04 
5.581O.03 
5.4810.02 
18 15 
17 13 
17 12 
9.4i0.9 
4.910.7 
0.110.4 
-6.610.2 
-5.71O.I 
1/ 5 
1/ 7 
5/10 
6/11 
5/12 
2/12 
110/12 
71/10 
O.25 
O.5O 
1.0 
1.5 
2.0 
2.5 
3.0 
full 
0.4410.01 
0.9010.02 
1.7410.03 
2.4210.03 
2.981O.O4 
З.ЗОІО.О4 
3.4210.04 
3.4710.04 
16 16 
24 13 
19 12 
11 ±2 
7.61I.2 
4.010-9 
1.910.9 
I.31O.8 
3/ 3 
2/ 6 
2/ 7 
7/10 
5/10 
8/10 
7/10 
11/10 
0.4810.02 
1.0010.02 
2.0010.04 
3.0110.04 
З.991О.О5 
4.771O.O6 
5.4210.04 
5.3910.04 
26 18 
24 14 
14 12 
12 12 
6.71I 
O.81O.7 
-5.910.4 
-5.ЗІО.4 
2/ 5 
3/ 6 
4/10 
4/11 
3/12 
3/12 
46/12 
41/10 
As expected from the shape of the rapidity distribution in Fig. 4.1, the 
average multiplicity ñ (subfigs. a,d) first increases linearly with 
increasing y c u t and then saturates, when approaching the maximum rapidity 
range. 
The parameter 1/k (subfigs. b,e) decreases for increasing ycut;· This 
(together with a decreasing 1/ñ ) corresponds to a narrowing KNO 
distribution as the rapidity range becomes wider. For the charges 
separately, it can be seen that the decrease is faster for positives than 
for negatives. 
In the region y c u t < 2, the 1/k values for positives and negatives are 
comparable to each other, but a factor two smaller than that for all charged 
particles combined. As we shall see, this turns out to have an interesting 
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consequence for models interpreting the occurence of the negative binomial 
distribution. 
The value of the к parameter (subfigs. c,f) falls rapidly as the rapidity 
interval is restricted. For small intervals there is a tendency for a 
flattening of k. The variation of к versus y
c u t is qualitatively consistent 
with the parabolic shape predicted for small intervals [26]. 
For intervals with y
c u t > 2.0 to full phase space, the following probably 
connected effects are seen, (i) The interval is not restricted to the 
'plateau' region in the rapidity distribution anymore, (ii) In the charged 
multiplicity distribution the 'odd-even effect' emerges, (iii) The 1/k value 
for full phase space is quite different from an extrapolation from 
у
 t £ 2.0. (iv) The multiplicity distribution for positive particles is no 
longer well represented by a negative binomial, perhaps due to the influence 
of the primary particles (both being positive). 
Discussing full phase space charged multiplicity distributions, it has 
been argued [28], that instead of counting all charged particles in the 
final state, a better approach would be to subtract the two charged hadrons 
already present in the initial state. The best fit to our π ρ (pp) data is 
then obtained for l/k=0.122 ± 0.005 (0.16 ± 0.01) with 
X*/NDF=9.1/10 (9.4/10). 
4.4 MULTIPLICITY DISTRIBUTION POR NON-SYMMETRIC RAPIDITY INTERVALS 
In this section, we consider rapidity intervals not centred around zero 
rapidity and restrict ourselves to distributions for all charged particles 
combined. 
4.4.1 Multiplicity Distribution for Single Hemispheres 
The moments of the n+p and pp charged multiplicity distributions for the 
backward (y < 0) and forward (y > 0) hemispheres are presented in Table 
4.7 · The two pp hemispheres are folded. 
We find similarity between the proton hemispheres for тт+р and pp 
collisions, but a difference between the proton hemispheres and the pion 
hemisphere. In particular, the average multiplicity <n> is about 0.3 units 
higher in the pion hemisphere. Since the C-moments are somewhat lower for 
the pion hemisphere, this hemisphere tends to have a narrower KN0 
distribution. 
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For hadronic collisions it is known that the multiplicities in forward and 
backward hemispheres are correlated. This correlation is usually 
parametrised as 
<np> = a + b Пр . 
A simple relation holds between the parameter b, measuring the correlation 
strength, and the dispersions D, Dg and Dp of the multiplicity distribution 
for full phase space, backward and forward hemisphere, respectively: 
b = (D2 - D§ - Dp) / 2D¡ . 
The values for the full phase space dispersion, given in Table 4.2, and 
those for single hemispheres, given in Table 4.7. yield b values of 
0.14 1 0.05 for τι+ρ and 0.15 ± 0.08 for pp. These b values agree with direct 
measurements of the multiplicity correlations between the two hemispheres 
[23]. 
Table 4.7: Moments of the charged multiplicity distribution in single 
hemispheres. 
n
+P 
PP 
у < 0 
у > 0 
folded 
<n> 
4.4710.11 
4.77*0.10 
4.4610.11 
D 
2.4810.05 
2.4810.05 
2.5110.05 
C2 
1.3110.02 
1.2710.02 
1.3210.02 
c3 
2.0510.09 
1.9010.06 
2.0710.08 
c4 
З.71О.З 
З.210.2 
3.7±0.2 
Table 4.8: Fit results of the negative binomial to the charged multiplicity 
distribution for single hemispheres. 
Л
+
Р 
PP 
у < 0 
у > 0 
folded 
ñ 
4.5210.04 
4.871О.ОЗ 
4.4710.04 
l/k (xlOO) 
7.O1O.6 
4.110.4 
6.410.5 
К" /NDF 
14.2/16 
28.2/15 
34.4/16 
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Results of fits of the single hemisphere multiplicity distributions with a 
negative binomial are given in Table Ί.8 . Again, good agreement is observed 
between the proton hemispheres, while ñ is higher and 1/k lower for the pion 
hemisphere. 
4.4.2 Rapidity Intervals in a Single Hemisphere 
Next, we consider negative binomial fits to multiplicity distributions for 
rapidity intervals extending from y=0 to У
си
*;. i.e. ~y
cu
t < у < 0 in the 
backward hemisphere and 0 < у < y
c u t in the forward hemisphere. Intervals 
are selected with the y
c u t ranging from 0.5 to 3·0 units. The unrestricted 
single hemispheres, corresponding to the selection y
cu
t=5'0, have been 
discussed in the previous paragraph. 
The results of negative binomial fits to the n+p and (folded) pp data are 
given in Table 4.9 · The 1/k parameter is plotted in Fig. 4.8 . For the pion 
Table 4.9: Fit results of the negative binomial to the charged multiplicity 
distribution for non-symmetric rapidity intervals "У
си
 < У < 0 and 
0
 < У < ycuf 
y
cut 1/k (xlOO) X*/NDF 1/k (xlOO) X'/NDF 
+ 
π ρ backward 
0.50 0.91*0.02 
1.0 1.8010.05 
1.5 2.64*0.03 
2.0 3.42±0.05 
2.5 4.0010.04 
3.0 4.39±0.03 
32.9 ±3.** 
38.3 ±4.7 
27.8 ±1.6 
23.4 ±1.8 
16.2 ±1.1 
9.4 ±0.6 
4/ 8 
4/10 
10/13 
15/15 
17/16 
10/16 
forward 
0.96±0.02 
1.91±0.02 
2.82±0.07 
3.6l±0.04 
4.19±0.04 
4.54±0.04 
31.4±3.2 
33.7±1.8 
28.0±3.0 
20.0±1.1 
12.5±0.8 
8.5±0.6 
9/ 8 
7/12 
5/1^ 
23/15 
38/15 
30/15 
PP 
0.50 
1.0 
1.5 
2.0 
2.5 
3.0 
folded 
0.96±0.02 
1.87±0.03 
2.73±0.04 
3.48±0.04 
3.99±0.06 
4.33±0.04 
42.7 ±4.4 
ЗО.6 ±2.2 
27.5 ±1.7 
22.7 ±1.1 
14.6 ±0.8 
8.7 ±0.6 
1/ 6 
10/11 
19/13 
31/15 
60/16 
37/16 
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hemisphere, 1/k tends to be lower than for the proton hemisphere. The main 
difference comes for y
cu
t*3'0, where the pion hemisphere is more heavily 
populated than the proton hemisphere. 
Ц.Ц.Ъ Rapidity Intervals of Fixed Size 
Finally the size of the rapidity interval is kept fixed and the centre of 
the interval is moved along the rapidity axis. We select intervals 
ІУ~У0І < 0.5. with the centre-values ranging from у =±0.5 to у =±3.0 . 
The results of negative binomial fits to the π+ρ and (folded) pp data are 
listed in Table 4.10 . The 1/k parameter is plotted in Fig. Ц.Э . For 
centre-values exceeding у - 2, the distribution becomes narrower than 
Poissonian, since the 1/k parameter turns negative. Hence, there the 
distribution is no longer a negative binomial. For the pion hemisphere, this 
change of regime seems to happen for smaller у values. 
Table 4.10: Fit results of the negative binomial to the charged multiplicity 
distribution for non-symmetric intervals Іу-У0І < 0.5· 
y 0 ñ 1/к(х100) X'/NDF ñ 1/к(х100) X
1/NDF 
0.50 
1.0 
1.5 
2.0 
2.5 
3.0 
backward 
1.80±0.05 
1.75*0.03 
1.6510.03 
1.3810.02 
0.9010.02 
0.4310.01 
38.3 14.7 
30.3 12.6 
20.5 12.2 
1.3 12.1 
-23.2±1.5 
-45.0±l.5 
4/10 
5/10 
9/ 8 
4/ 5 
9/ 4 
7/ 2 
forward 
1.9110.02 
1.8710.03 
1.72±0.04 
1.3910.02 
0.92±0.02 
0.5110.01 
ЗЗ.71І.8 
24.6±2.1 
ІЗ.512.6 
-3.21О.7 
-І5.91І.З 
-29.8±1.4 
7/12 
19/10 
12/ 8 
11/ 6 
1/ 4 
2/ 3 
O.5O 
1.0 
1.5 
2.0 
2.5 
3.0 
folded 
І.871О.ОЗ 
І.791О.ОЗ 
1.6510.03 
І.351О.ОЗ 
O.851O.O2 
0.3810.01 
ЗО.6 ±2.2 
33.4 12.6 
21.1 ±2.5 
3.6 ±2.3 
-27.З 11.6 
-40.0 ±3.3 
10/11 
9/10 
10/ 8 
6/ 6 
6/ 4 
7/ 2 
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4.4.4 Conclus ions 
In conclusion, we observe that the multiplicity distribution for 
non-symmetric intervals is also well described by a negative binomial, 
provided that the rapidity region does not exceed |y| - 2. Comparing the n+p 
and pp data, a difference between the π hemisphere and the ρ hemispheres 
can be seen. In general, ñ is higher and 1/k lower in the π than in the ρ 
hemisphere of π ρ collisions. The values in the ρ hemisphere agree with 
those for pp collisions. 
4.5 MULTIPLICITY DISTRIBUTION POR AZIMUTHAL INTERVALS AND TRANSVERSE 
MOMENTUM INTERVALS 
So far, we have studied how the multiplicity distribution is affected by 
cuts in rapidity, i.e. along the longitudinal direction. In the following, 
this analysis is extended to cuts in the transverse direction. In 
particular, the multiplicity distribution in the central region is studied 
for the π ρ data sample. 
4.5·1 Azimuthal Intervals 
Two limited central rapidity intervals lyl < y
c u ti with У с и^
=0.5 and 1.5 ere 
selected. For these intervals, cuts are made in the azimuthal angle Ф, with 
total sizes АФ=п/4,л/2,п and 2n (the latter corresponding to no cut). 
Two kinds of configuration are constructed, both of total size ΔΦ: 
- a single interval of size ΔΦ, 
- a combination of two opposite intervals each of size ΔΦ/2. 
The second configuration will be denoted as ΔΦ/2+ΔΦ/2. Three examples are 
shown schematically in Fig. 4.10. Obviously, one can select these configura-
(5<2) 
ΔΦ=2π ΔΦ=π/2 Δ Φ = π / 4 + π / 4 
Figure 4.10: Examples for azimuthal intervals . 
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tions in 2Π/ΔΦ equivalent independent ways (e.g. the half open intervals 
[0,n) and [ii,2n) for ΔΦ=π). In order to increase statistics, data with 
equivalent configurations are combined. 
We start with the multiplicity distribution for all charged particles. As 
examples, in Fig. 4.11 we show the charged multiplicity distribution in KNO 
form for lyl < 1.5 for the three azimuthal configurations sketched in Fig. 
π
+
ρ —> all charged lyl < 1.5 
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Figure 4.11: Charged multiplicity distribution in different azimuthal 
intervals as indicated, for n+p data in the rapidity interval |y| < 1.5. 
plotted in KNO form. Each successive distribution is shifted up by one 
decade. The histograms show the best fit negative binomials. 
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't.10 . As discussed previously, the KNO multiplicity distribution generally 
broadens when the rapidity range is restricted. Here, we observe that it 
widens further when an additional cut in the azimuthal direction is applied. 
The charged multiplicity distributions in ДФ intervals are fitted with a 
negative binomial. The results are listed in Table 4.11 . In all cases, the 
negative binomial distribution gives a good description. For the examples in 
Fig. 4.11, the best fit is shown together with the data. 
The value of the parameter 1/k for all charged particles is plotted versus 
the total size of the azimuthal interval in Fig. 4.12 a) and b) for the two 
values of У
си
*-· respectively. A clear difference in the behaviour of the 1/k 
parameter is seen between the two alternative ΔΦ configurations, especially 
for the interval lyl < 1.5 · For single intervals, 1/k decreases when the 
azimuthal size is more restricted. In contrast, for the configurations with 
two opposite intervals the value is consistent with being constant. 
Although the values for 1/k differ between the two alternative АФ 
configurations, at first sight the distributions shown as examples in Fig. 
4.11 look similar. The difference in the ratio D/ñ, measuring the 
fluctuations around the mean, is small since the term 1/ñ is dominant over 
the term 1/k (eq. 4.2). The data in the other azimuthal intervals follow the 
same qualitative trend. 
The analysis is repeated for the multiplicity distribution of the negative 
particles. The results for the corresponding negative binomial fits are 
given in Table 4.12 and the 1/k parameter is shown in Fig. 4.12 c) and d) 
for the intervals |y| < 0.5 and |y| < 1.5, respectively. 
First, the 1/k parameter is now quite similar for the two alternative ЛФ 
configurations. Second, for the smaller interval lyl < 0.5, we observe a 
tendency for an increase of 1/k with decreasing azimuthal size. As mentioned 
above, the parameter 1/k is very sensitive to a small change of a 
multiplicity distribution with a low average ñ. This is illustrated in Fig. 
4.13, where the multiplicity distribution for negatives in the interval 
lyl < 0.5 is shown for azimuthal cuts ΔΦ=2π, η, π/2 and л/4. The histograms 
show the best fit negative binomial. The curves on the distributions for 
ΔΦ=ιτ, л/2 and π/4 join points of the negative binomial with the same 1/k as 
for ΔΦ=2π, i.e. the distribution if 1/k would be constant. 
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Table 4.11: Fit results of the negative binomial to the charged multiplicity 
distribution for the n+p data in rapidity intervals lyl < 0.5 end lyl < 1.5 
with additional cuts on the azimuthal angle. 
cut 
2n 
л 
л/2+п/2 
л/2 
п/4+л/4 
тт/4 
п/8+п/8 
lyl < 0.5 
ñ 
1.87 ±0.02 
0.939±0.008 
0.939±Ο.ΟΟ9 
0.47110.003 
0.47110.004 
0.235±0.002 
0.23610.002 
l/k (χΙΟΟ) 
35.7±2.1 
33.211.8 
35.611.8 
29.211.8 
39.7±2.1 
31.412.3 
42.312.3 
X'/NDF 
6.4/11 
2.7/7 
7.2/7 
3.2/5 
1.1/6 
2.2/5 
1.6/4 
lyl < 1.5 
ñ 1/k (χΙΟΟ) 
5.42 10.05 
2.72 10.02 
2.72 10.02 
I.3681O.OO7 
1.36910.007 
0.68410.003 
0.68410.003 
23.410.9 
19.710.6 
24.310.7 
16.710.7 
25.3±0.8 
15.510.6 
24.810.9 
ïVNDF 
22.5/21 
I5.2/I2 
14.5/13 
5.З/ 7 
4.4/ 9 
4.5/ 6 
5.6/ 8 
Table 4.12: Fit results of the negative binomial to the multiplicity 
distribution of negative particles for the n+p data in the rapidity 
intervals lyl < 0.5 and |y| < I.5 with additional cuts on the azimuthal 
angle. 
cut 
2n 
л 
л/2+п/2 
π/2 
п/4+л/4 
л/4 -
я/8+п/8 
lyl < 0.5 
ñ 
0.88 10.01 
0.44010.005 
O.4391O.OO5 
0.22010.002 
O.2191O.OO2 
0.11010.001 
0.11010.001 
1/k (χΙΟΟ) 
16.412.4 
24.712.8 
19.212.6 
26.41З.З 
23.813.0 
35.1±4.7 
32.114.5 
X» /NDF 
2.6 /6 
0.04/4 
4.0 /4 
0.3 /3 
7.6 /4 
0.9/ 3 
0.1/ 2 
lyl < 1.5 
ñ l/k (xlOO) 
2.41 10.02 
1.21 10.08 
1.20 10.07 
0.60410.004 
O.6031O.OO4 
O.3011O.OO2 
О.3021О.ОО2 
11.111.1 
10.411.0 
12.4il.O 
10.011.2 
13.5±1.2 
9.811.5 
12.311.6 
X1 /NDF 
5.4/IO 
4.2/ 6 
3.8/ 7 
0.3/ 4 
5.8/ 5 
0.3/ 4 
1.3/ 3 
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Figure 4.12: The parameter 1/k, as a function of the total size of the 
azimuthal interval from the n+p multiplicity distribution for (a,b) all 
charged and (c.d) negative particles in the rapidity intervals lyl < 0.5 
and lyl < 1.5 
4.5.2 Transverse Momentum Intervals 
Finally, we consider the charged multiplicity distribution for a symmetric 
rapidity interval with additional cuts on the transverse momentum p^ .. 
In particular, the multiplicity distribution of the charged particles in 
the central rapidity interval lyl < 1.5 is studied for the n*p data sample. 
This distribution is shown in KN0 form in Fig. 4.14 for various selections 
p>ji < p^i-cut. Especially the most restricted interval pj < 0.15 GeV/c has a 
broader KNO distribution. 
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Figure 4.13: Multiplicity distribution of negative particles for л+р 
data in the rapidity interval lyl < 0.5, plotted in KNO form, in 
different azimuthal intervals as indicated. Each successive distribution 
is shifted down by one decade. The histograms show the best fit negative 
binomial. The curves join points of the negative binomial distribution 
with the same к as measured for лФ=2л. 
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Figure 4.14: Charged multiplicity distribution in different Pj intervals 
as indicated, for n+p data in the rapidity interval lyl < 1.5, plotted 
in KNO form. Each successive distribution is shifted down by one decade. 
The histograms show the best fit negative binomial. 
103 
Negative binomial fits to the distributions in these intervals and various 
selections Pj-cut< < p™ < prp-cutp are given in Table 4.13· The distributions 
are well described by negative binomials. Values for the 1/k parameter are 
plotted in Fig. 4.15 . 
π
+
ρ — > all charged lyl < 1.5 
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Figure 4.15: The 1/k parameter in different pj< intervals, for n+p data 
in the rapidity interval lyl < 1.5· a) corresponds to intervals 
Pj<p.p-cut and b) to intervals p^-cuti <pip<pT-cut2. 
Table 4.13: Fit results of the negative binomial to the charged multiplicity 
distribution for the n+p data in the rapidity interval lyl < 1.5 with 
additional cuts on the transverse momentum. 
cut (GeV/c) 1/k (xlOO) X1 /NDF 
all p T 
P T < 1.0 
P T < 0.5 
P T < 0.3 
PT < 0.15 
0.15 < Ρτ < 0.3 
0.3 < P T < 0.5 
0.5 < p T < 1.0 
5.4210.05 
5.26±0.04 
4.1210.03 
2.64±0.03 
0.96±0.02 
1.67±0.02 
1.5210.03 
1.1610.03 
23.41 O.9 
24.3± 0.8 
27.41 0.9 
32.01 1.4 
34.61 3.2 
29.5± 2.0 
17.21 1.7 
13.01 2.3 
22.5/21 
21.5/21 
15.6/19 
5.8/14 
15.6/ 9 
3.4/11 
17.0/ 9 
12.7/ 7 
104 
Ц.5.3 Conclusions 
At given у interval, the multiplicity distribution (in KNO form) widens 
further when an additional cut in azimuthal angle or transverse momentum is 
applied. Also these distributions follow a negative binomial form. At 
lyl<1.5i 1/k is independent of azimuthal interval size except for the case 
of all charged particles in a single interval where 1/k falls with 
decreasing interval size. At lyl<0.5. there is a tendency of 1/k to increase 
with decreasing azimuthal interval size. Except for the case of all charged 
particles in a single interval where 1/k is consistent with being constant. 
Furthermore, 1/k decreases with increasing Pj. 
4.6 COMPARISON WITH OTHER EXPERIMENTS 
In the following we will compare our results with other hadron-hadron and 
with e+e~ data on multiplicity distributions. It is our main aim to 
investigate the energy dependence on energy and interaction type of integral 
quantities, like moments of the multiplicity distributions. 
4.6.1 Full Phase Space 
The full phase space multiplicity distribution has been measured for a 
number of hadronic interactions and over a large energy range. A comparison 
of the inelastic multiplicity distribution obtained by this experiment with 
other data is given in ref. [10]. There is excellent agreement with an 
interpolation from other energies for the pp data and with an extrapolation 
from lower energy for the n+p data. (Our π ρ data are at the highest energy 
reported so far). 
Fewer experiments have determined the full phase space multiplicity 
distribution for NSD events. Using data up to ISR energies, Wroblewski has 
parametrised the average NSD multiplicity <n>, in terms of the available 
energy E
a
 = /s-m b e a m-m t a r g e t as [28] 
2 
<n> = BQ + aj In E
a
 + &2 1° E a * 
With BQ = 2.53(2.439). a^O.71(0.348) and a2=0.485(0.612) for n
+p (pp), this 
yields <n> =9.12 for n+p and <n> =8.9'* for pp, at our energy, in agreement 
with our measurements (see Table 4.2). 
The energy dependence of the parameters ñ and 1/k of the negative binomial 
fitted to multiplicity distributions for NSD pp and pp collisions has been 
parametrised by the UA5 group as [11] 
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ñ = ал + a-. In /s + βρ In Js , 
1/k = bg + bj^  Ín Js . 
With BQ = 2.7,a1=-O.O6,a2=O.668,b0=-0.1O'4 and b1=0.058 this yields й=8.8'» 
and l/lt=0.07b at our energy, in agreement with our pp data (see Table 4.3)· 
As shown in ref. [10], the hadronic multiplicity distribution has a lower 
Ъп value for e e~ and lepton-hadron collisions, but, up to the present 
energies, a similar b, value. 
4.6.2 Symmetric Pseudo-Rapidity Intervals 
For limited phase space, the multiplicity distribution has been studied only 
by a small number of experiments. The ISR experiment R701 has studied the 
distribution in the symmetric pseudo-rapidity interval Ini < 1.5 for pp 
collisions at /s from 23.6 to 62.8 GeV [29]. Only average multiplicity <n> 
and normalised moments Tp to Tji are given. The analysis is done for 
inelastic events and zero prong events (i.e. events with no track in the 
interval Ini < 1.5) are excluded. To see, how this selection influences the 
values for <n> and У2 t o γ4· w e compare in Table Ц.1Ц our pp results for NSD 
and inelastic events, the latter with and without zero prong events. By 
accident, moments for inelastic events without zero prongs seem a good 
approximation for the NSD ones (at our energy). In Figure 4.16 our data are 
compared with the R701 measurements ' . We agree with the trend of the data. 
Table 4.14: Moments of the charged multiplicity distribution in the pseudo-
rapidity interval Ι η I < 1.5 for pp data. 
non-single-
diffractive 
inelastic inelastic 
n=0 excluded 
<n> 
'3 
γ4 
4.6110.08 
0.47±0.02 
0.29±0.03 
0.2010.05 
З.761О.09 
0.7510.04 
0.6510.08 
О.531О.14 
4.531О.09 
O.451O.02 
0.3310.04 
0.2610.06 
1
 values read from Fig. 9 page 376 and Fig. 13 page 379 ref. [29] 
106 
6 -
-
4ο 
— 
I 
0 
0 
< n > 
• NA22 
o R701 
l i l i 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 
0.6 
0.5 
0.4 
0.3 
0.2 
To о 
I I 
Л * 
I I 
0 о 
72 
I I 
t * 
7э 
I I 
0 
I 
Φ 
I 
υ. ι 
л -г 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 
0. 
ib* 74 
I I I 
20 30 40 50 60 70 
y/s GeV 
20 30 40 50 60 70 
Vs GeV 
Figure 4.16: Average <n> and moments У2 t o γ1ι of the charged pp 
multiplicity distribution in the pseudo-rapidity interval |л| < 1.5, 
compared to the measurements of ref. [29]. Values are given for 
inelastic events and zero prong events are excluded. 
It has been suggested that the multiplicity distribution for the central 
region (in contrast to full phase space) seems to obey scaling between ISR 
and SPS collider energies. In particular this appeared to hold for the 
region M < 1.3 at /s=53 GeV and Ini < 1.5 at /s=63 GeV compared to Vs=5'»6 
GeV [3,30-31]. However, these experiments use different trigger requirements 
and the data are selected to exclude zero prong events. Because of the 
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different values of <n> at the two energies, the latter selection changes 
the z-values differently at the two energies. Combined with our data at 22 
GeV, the UA5 data [14] allow for a systematic study over a large energy 
range. In Fig. 4.17 the energy variation of the Cp to Cu moments of the NSD 
10 
_ Ο ΙηΙ < 0.5 
π ITJI < 1.0 
Δ |η| < 1.5 
JJJ I III 
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Figure 4.17: The energy variation of the moments Cp to Сл of the charged 
pp multiplicity distribution in the symmetric pseudo-rapidity intervals 
indicated. 
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charged multiplicity distributions are shown for the intervals Ini < 0.5, 
Ini < 1.0 and UI < 1.5· The moments for the two bigger intervals are seen 
to increase with energy, approximately linearly with In/s. For the most 
narrow interval, (|η| < 0.5), C2 is decreasing while Co and Сц decrease or 
are compatible with being constant. 
Our results on 1/k for symmetric (pseudo-)rapidity intervals can be 
compared to the higher energy UA5 data [9,14] to extract the energy 
dependence, as well as to e+e~ results at similar energy [l6] to extract the 
dependence on the interaction mechanism. In Fig. 4.18, the 1/k values are 
plotted as a function of Injs for four symmetric pseudo-rapidity intervals. 
The dashed line corresponds to the fit to the full phase space data [8,11]. 
As for full phase space, also the 1/k for symétrie intervals depends 
linearly on Injs. As can be seen from Fig. 4.18 and Table 4.15, the slope Ъ1 
0.8 
0.7 
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0.4 
JÉ 
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0. 
10 io2 10 3 
Vs GeV 
Figure 4.I8: The parameter 1/k as a function of ln/s in the 
(pseudo-)rapidity intervals indicated, for pp* and e+e~ collisions (the 
e+e~ data correspond to у intervals, the largest to lyl<2.5 instead of 
3.0). 
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increases with the size of the interval, as long as this is sufficiently 
smaller than full phase space. 
Also shown in Fig. 4.18 are the 1/k values in the corresponding rapidity 
intervals of e+e~ collisions at /s=29 GeV [16]. For all rapidity intervals, 
1/k is lower for e+e~ collisions than for our hadron collisions at similar 
energy. 
Table 4.15: Parameters of the In^s dependence of the parameter 1/k. 
Inl<0.5 Ula.o Ula.5 UU3.0 full phase 
space 
b 0 0.21 ±o.o4 0.04 ±0.03 0.01 ±0.03 -0.23 ±0.01 -0.104±0.004 
Ъ1 0.062±0.007 0.082±0.005 0.080±0.005 0.101±0.002 0.058±0.001 
Xl/NDF I.9/2 1.0/2 Ο.3/2 1.0/2 
full phase space [10] Ih [10] 
Dl 
X'/NDF 
-0.142±0.006 
0.046±0.002 
I92.9/II 
-0.180±0.005 
0.062±0.002 
95.7/I8 
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4.7 INTERPRETATION OF THE DATA 
After a comparison of our data with three particular models for soft 
hadronic collisions we will discuss the description by negative binomials. 
4.7.I Models for Soft Hadronic Collisions 
We have compared our data on multiplicity distributions to three models 
based on the Lund string fragmentation scheme. These models are implemented 
as sophisticated Monte Carlo programs generating complete events, hence any 
measurable variable can be compared with data. The three models used are: 
1. The Lund fragmentation model for soft hadron-hadron interactions. It 
assumes that particle production originates from a single string 
stretched between valence quarks from each of the two incident hadrons. 
2. The two-string model Fritiof-Lund. It assumes excitation of the incident 
hadrons in the collision. A string is stretched between the valence 
quarks within each of the two excited hadrons. 
3. The two-string Dual Parton Model with Lund fragmentation. In this model 
two strings are stretched, each between quarks of the two different 
incident hadrons. 
For a description of these models and comparison with a number of data from 
this experiment we refer to van Hal [23]. Unlike the other two models, the 
Fritiof model includes a 'diffractive' component. These 'diffractive' 
events, corresponding to an excited mass of one of the incident hadrons 
below a certain cutoff value, are excluded. 
As examples, in Fig. 4.19 the multiplicity distribution for the NSD n+p 
data are shown for a) all charged particles for full phase space b) all 
charged particles in the interval |y| < 1.0 and c) negative particles in the 
interval |y| < 1.0, together with the model predictions. From this 
comparison and a comparison with multiplicity distributions in other phase 
space regions (not shown), we conclude that, in general, the models agree 
qualitatively with the shape of the rapidity dependence of parameters like 
<n> and D. Quantitatively, models with two strings are strongly favoured 
above that with one string, a conclusion also reached by van Hal [23]. 
However, even two-string models are too low in the tail of the distribution. 
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Figure 4.19: Multiplicity distribution for n+p data for full phase space 
and rapidity interval |y| < 1. The curves join points of the 
multiplicity distribution predicted by the Lund (solid line), 
Fritiof-Lund (dash-dotted line) and DPM (dashed line) models. 
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4.7-2 Negative Binomials 
Both negative binomial and gamma distributions are often used to describe 
and/or interpret data on multiplicity distributions. A description of the 
multiplicity distribution in the central region with a gamma distribution 
with K=2 has been suggested [27,32-33]· As shown, this gives a reasonable, 
but not perfect representation of our data in the rapidity interval lyl < 1. 
It is interesting to note that the HRS e+e~ data in the same rapidity 
interval are approximately described by a gamma distribution with K=3. As 
mentioned above, the gamma distribution follows from the negative binomial 
in the limit ñ >> k. At our energy, this condition is not satisfied, 
however. In general, data are better described by the negative binomial than 
by the gamma distribution. The negative binomial is also more natural since 
the multiplicity is discrete by nature. 
There are many ways to come to a negative binomial multiplicity 
distribution. For a general discussion we refer to [3Ό. Furthermore, in the 
parton branching model expressions similar to the negative binomial are 
derived for the multiplicity distributions [35.36]. These distributions 
approach, like the negative binomial, the gamma distribution as a KNO 
function. More fundamentally, Malaza and Webber [37] derive QCD predictions 
for the first five moments of the multiplicity distribution of quark and 
gluon jets, and find that they are close to those of a negative binomial. 
We limit ourselves to a discussion of two classes of mechanism proposed to 
generate negative binomial multiplicity distributions, (partial) stimulated 
emission [6,26,27] and cascading [26]. 
In its simplest form, stimulated emission occurs for identical bosons 
emitted in the same quantum state. The resulting distribution is known as 
the Bose-Einstein distribution 
P
n
(5) = ñ n/(l +R) n + 1 . 
This is a negative binomial distribution with k=l. 
Assuming that particles are emitted from к independent identical cells in 
phase space, each cell generating particles according to the Bose-Einstein 
distribution with mean multiplicity ñ/k, the resulting total number of 
particles will be distributed according to the negative binomial 
distribution with parameters ñ and k. Strictly speaking, the parameter к is 
required to be a positive integer. Arguments have been given that the size 
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of one cell extends to about 2 to 3 units in rapidity [6]. 
In the partial stimulated emission interpretation, the emission of more 
identical particles is stimulated by bosons already present, and 1/k 
represents the average fraction of particles already present stimulating the 
emission of an additional particle [26]. In this interpretation к can take 
any value k i l . 
Since charged particles mainly comprise two classes of identical bosons 
(IT* and n~) one would expect that the к parameters for all charged, negative 
and positive particles are approximately related by 
k
+
 - k_ and к L - 2k_ . The data, however, show a completely different 
behaviour: in the central region (say |y| < 2.0) we find к ^ - 1/2 k_ . The 
restriction to the central region is made in order to diminish the influence 
from overall energy-momentum conservation and leading particle effects. 
There is only one case where we see some indication for к ^ > k_. For the 
negative particles in the small central interval |y| < 0.5. the 1/k 
parameter tends to increase for more restricted single АФ intervals (Fig. 
Ί.12). This is probably related to the Bose-Einstein interference effect to 
be further discussed in chapter 5· 
The second approach interpreting the negative binomial distribution is 
based on the cascading mechanism. Giovannini and Van Hove introduce [26,38] 
the concept of 'clan' l, to be understood as a set of particles of common 
ancestry in the cascade process. The negative binomial distribution follows 
as a convolution of a Poisson and a logarithmic distribution in which clans 
produced according to a Poisson distribution fragment into the final hadrons 
via a logarithmic distribution. By definition, a clan fragments into at 
least one particle (each particle is its own ancestor). The average number 
of particles per clan ñ and the average number of clans R are related to 
the resulting negative binomial by 
fic = (ñ/k) / ln(l+ñ/k) . 
R = к ln(l+ñ/k) . 
It turns out that 1/k is the probability that two particles are in one 
clan divided by the probability that the two particles are in two separate 
clans. 
1
 In ref. [26] a 'clan' is called 'cluster'. In ref. [38] the name is 
changed to avoid confusion with the (short range) cluster concept used to 
describe two-particle correlations. 
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The interpretation of our data on symmetric rapidity intervals in terms of 
this picture is as follows [38]: The variation of ñ c and R with growing 
rapidity intervals |y| < ycut is shown for the pp data in Fig. 4.20 a) and 
b), respectively. In intervals with ycut below I.5 most clans are truncated 
by the rapidity cut. For increasing ycut. the truncation effect gets weaker 
and ñ c gets larger. In contrast, for y c u t > 1.5 the average clan is no 
longer truncated appreciably and ñ c no longer increases. One notices clearly 
a decrease of ñ c for yc > 2, suggesting that the clans located in the outer 
rapidity ranges are smaller in ñc than the central ones. The average number 
Я of clans contributing to a central rapidity interval increases with the 
size of the interval. The only significant difference for τι+ρ (not shown) 
and pp interactions is that R becomes larger for n+p than pp when у 
exceeds 2, the difference growing to about 7% for full phase space. 
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4.20: The average number of particles in a clan (a) and average 
of clans (b) for different rapidity intervals |y| < у
 t for pp 
Also shown in Fig. 4.20 is the variation of ñ_ and Я with у . for 
с cut 
negative and positive particles separately. Clans of negatives or positives 
are smaller in ñ c and less numerous than clans of all charged particles. 
Note that this interpretation becomes meaningless for у
 t > 2.5, since 
there к turns negative for the separate charges. This is presumably due to 
energy-momentum conservation suppressing large multiplicity and hence 
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narrowing the distribution. 
A comparison with the clan parameters extracted [21,38] from other data is 
shown in Fig. 4.21 . The clans at our energy turn out to be much smaller in 
multiplicity and pseudo-rapidity range than those for pp collisions at 
/s=5'<6 GeV; the maximum of ñc is -1.6 (instead of - 3.8) and is reached for 
4cut-1.5 (instead of Ticut-'4). However, the variation of the average number 
of clans R with ncut is described by approximately the same curve for all 
energies. An increase in energy is affecting the size ñ of clans, which 
become larger, but not their number f!. 
Comparison of our data at ,fs=22 GeV with the HRS e+e" data at the similar 
energy of /s=29 GeV shows that for e+e" annihilation the clans are 
substantially smaller and more numerous. The interpretation given is that 
there is less cascading in e e~ annihilations than in hadronic collisions 
[38]. 
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for pp data compared to other energies and e e~ annihilations. For the 
e e data cuts are made for rapidity y. 
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A discussion related to the description of multiplicity distributions by 
negative binomials is given by Dias de Deus [39]· This author has analysed 
our earlier data on symmetric rapidity intervals in terms of the Mueller 
moments. It is argued [40] that with independent cluster production and 
strongly correlated emission of negative and positive particles from these 
clusters, a constant ratio к к/к_ is expected throughout a wide interval of 
central rapidity. As shown in Fig. 4.22, this is indeed observed in our 
data. For this ratio the approximate relation 
ích = 1 . î^ ch 
k
-
 ñch 
(4.4) 
is expected l if the rapidity interval lyl < y c u t is sufficiently large 
compared to the cluster extent in rapidity. From Fig. 4.22 it can be seen 
that this is, in first approximation, valid for y c u t > 1.0. One may wonder 
if this is consistent with the observation that positive and negative 
charged particle multiplicities separately have negative binomial 
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Figure 4.22: The ratio k
ch/k_ of the negative binomial parameter for the 
π ρ charged and negative particle distribution for different rapidity 
intervals lyl < y
c u t . This ratio is compared with 1 
text). 
kch/ñch (see 
1
 this relation follows already directly from e.q. 
produced in pairs. 
(4.2) for particles 
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distributions. Moments of order higher them two do not give relation ('t.4) 
exactly. However, it is claimed [40] that the deviations are small. 
Van Hove has considered [41] the class of multiplicity distributions being 
of negative binomial type in a continous domain D 0 and in any subdomain D of 
D 0. The distributions turn out to be completely determined by the two 
parameters Q^(y)=dn/dy and k(y) of the multiplicity distribution in an 
infinitesimal neighbourhood of a set of variables y. For a general subdomain 
the relation holds 
к0 = ƒ (Qi(y)/k(y)) ¿У · (4-5) 
This is a more general relation than the special case of constant ñ/k for 
which it was known to hold. Relation (4.5) means that к for a domain is 
the average of к over the subdomains with ñ as a weight. The requirement 
that all probabilities are non-negative leads to the so-called 'positivity 
condition' 
k(y) i k0ñ0 / (ñ0+k0) . (4.6) 
We briefly present a test of the validity of these equations on our data 
as given by the author. Consider the symmetric rapidity intervals lyläycut. 
If we take D to be lyl<y^ with increasing y^, the data show that ñp/kp 
increases up to уч -1.5 and decreases for larger уч. Hence relation (4.5) is 
violated for lyl>1.5» since ñ/k should always increase. The data indicate 
that krj is smallest for small symmetric intervals around y=0. Relation (4.6) 
implies for the domain D defined by ІУІ<У0 that k0ñ0/(k0+ñ0) cannot be 
larger than the minimum krj measured. This limits y0 to values smaller than 
-1.5. 
This conclusion is in agreement with our observation that for 
non-symmetric intervals ly-y0l < 0.5 from у =2.0 onwards, the k-parameter 
turns negative (see Table 4.10) and hence the distribution is no longer a 
negative binomial. 
A more refined test of relation (4.5) is possible with the information on 
various kinds of phase space intervals. A violation of this relation implies 
the presence of additional correlations. We test the validity of the 
relation 
ñD1/kD1 + SD,/kD, = fiD/kD {k-1) 
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for various combinations of intervals. The results are presented in 
Table 4.16 . Except for 0<|y|<1.5, for the case of combining backward and 
forward intervals the expected value for ñ/k from relation (4.7) is 
systematically higher than the measured value. On the other hand, for 
combinations of intervals with cuts in p™, the relation is well satisfied. 
For azimuthal intervals eq. (4.5) implies a constant к due to the isotropy 
around the collision axis. As mentioned above this is reasonably satisfied 
for configurations with two opposite intervals, but not for single 
intervals. This is presumably due to local Рт· conservation, and may be 
Bose-Einstein interference effects. 
Table 4.16: Test of the relation eq. (4.7) for n+p data. For the indicated 
intervals the value of ñ/k is given. The expected values, calculated with 
eq. (4.7). are to be compared with the measured value for the total 
interval. The intervals in p T correspond to the rapidity interval ly|<1.5 · 
backward forward total expected 
0<|y|<0.5 
0<|y|<1.0 
0<|y|<1.5 
0<|y|<2.0 
0.30±0.03 
0.69±0.07 
0.73±0.04 
0.8010.05 
0.3010.03 
0.6410.03 
0.79*0.07 
0.7210.04 
0.6710.04 
1.0310.04 
1.2710.05 
1.2010.04 
0.6010.04 
1.3310.08 
1.5210.08 
1.5210.06 
0<y<1.0 1.0<y<2.0 total expected 
backward 
forward 
O.691O.O4 
О.631О.О4 
О.341О.О2 
O.231O.O4 
O.8OIO.O5 
O.721O.O4 
I.O31O.O5 
O.871O.O5 
^ОЛЗ 0.15<PT<0.3 0.3<PT<0.5 0.5<PT<1.0 total expected 
О.ЗЗ1О.ОЗ О.491О.ОЗ 0.8410.04 0.8210.04 
0.3310.03 0.4910.03 0.2610.02 1.1310.04 1.0810.05 
О.331О.ОЗ О.491О.ОЗ O.261O.O2 O.I51O.O2 I.281O.O4 I.231O.O5 
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The deviations from eq. (4.7) suggest that for a large region of rapidity 
the multiplicity distribution in any subdomain is presumably not exactly a 
negative binomial. The fact that, in general, good fits of the multiplicity 
distribution with a negative binomial are obtained, indicates that the 
deviations from the negative binomial form are small with respect to the 
experimental errors. 
We conclude that deviations from eq. (Ί.7) exist and that correlations are 
present in the data beyond those already absorbed into negative binomials. 
Among these may be (long-range) forward-backward correlations, local 
transverse momentum and charge compensation, Bose-Einstein interference and 
effects due to overall energy-momentum conservation. 
4.8 SUMMARY AND CONCLUSIONS 
The charged particle multiplicity has been studied for 
non-single-diffractive π ρ and pp collisions at Js=22 GeV. The distribution 
has been studied for full phase space as well as for various intervals in 
rapidity, in azimuthal angle end in transverse momentum. All charged 
particles are considered, as well as negative and positive ones separately. 
In general, the multiplicity distribution is well described by the 
negative binomial distribution. The best description of the multiplicity 
distribution with a negative binomial is found for central regions of 
rapidity. 
For symmetric rapidity intervals, the parameter к of the negative binomial 
increases with the length of the у interval. For a given interval it is 
roughly equal for positive and negative particles, but about two times 
larger for these than for both charges combined. This observation favours 
the interpretation of the negative binomial in terms of cascading rather 
than the stimulated emission mechanism. 
Also, the multiplicity distribution in non-symmetric intervals is well 
described by a negative binomial, provided that the rapidity region does not 
exceed |y| - 2 . The value of ñ is higher and 1/k lower in the n+ than in the 
ρ hemisphere of π ρ collisions. The values in the ρ hemisphere agree with 
those for pp collisions. 
For off-centre intervals of fixed size, the 1/k value decreases quickly 
with increasing rapidity and passes through zero (the distribution becomes 
narrower than Poissonian) at a rapidity value of у ± 2. This is presumably 
due to energy-momentum conservation suppressing large multiplicity and hence 
narrowing the distribution. 
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At given central rapidity interval, the multiplicity distribution (in KNO) 
form widens further when an additional cut in azimuthal angle or transverse 
momentum is applied. Also these distributions follow a negative binomial 
form. At |y|<1.5i 1/k is independent of azimuthal interval size except for 
the case of all charged particles in a single interval where 1/k falls with 
decreasing interval size. At |y|<0.5. there is a tendency of 1/k to increase 
with decreasing azimuthal interval size, with the exception in a single 
interval where 1/k is constant. Furthermore, 1/k decreases with increasing 
PT-
The moments of the charged multiplicity distribution for full phase space 
and symmetric intervals in pseudo-rapidity are compared with pp and pp data 
at other energies. Contrary to earlier suggestions, the C-moments of the 
charged multiplicity distribution in the pseudo-rapidity interval |y| < 1.0 
or 1.5 appear to increase logarithmically with energy. 
For full phase space, 1/k rises linearly with ІгцГз. Up to present e e~ and 
lepton-hadron energies the slope of the rise is similar for hadron-hadron, 
e e~ and lepton-hadron collisions. At given /s, 1/k is similar for e+e~ and 
lepton-hadron collisions, but lower for these than for hadron-hadron 
collisions [ІЗ]· Also for symmetric (pseudo-)rapidity intervals 1/k grows 
linearly with /s. The slope of the increase is higher for large intervals 
than for small ones, provided that the intervals are sufficiently small 
compared to full phase space. In all intervals, 1/k is lower for e+e~ 
collisions than for hadron-hadron collisions at comparable energy. 
Our data are compared with three models for soft hadronic collisions based 
on the Lund fragmentation scheme. Quantitatively, the models with two 
strings are strongly favoured above the one with a single string. However, 
even two-string models are too low in the tail of the distribution. 
Interpreted in terms of the 'clan' cascading picture of Giovannini and Van 
Hove [26,38], our data compared to the collider data show that for a given 
rapidity window, the average number R of clans does not depend on energy. It 
is larger for e+e~ than for hadron-hadron collisions. The average charge 
multiplicity ñ of a clan, on the other hand, grows with energy. At given 
energy, it is smaller for e e" than for hadron-hadron collisions. 
Our data are, furthermore, consistent with an interpretation of Dias de 
Deus [39t40] in terms of independent cluster production and strongly 
correlated emission of negative and positive particles. 
When combining intervals, the multiplicity distribution in the new 
interval is fully determined [^l] by the distribution in the two parts, if 
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it is of negative binomial type throughout the full interval. Deviations 
from the expectation in the combination of forward and backward intervals 
with ycutìl.O indicate that correlations other than those described by 
negative binomials may exist. 
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APPENDIX 
THE NEGATIVE BINOMIAL DISTRIBUTION 
The negative binomial distribution has many applications in science. It is 
defined for non-negative integer η as 
(n+k-1)! ñ/k η ñ -к 
P
n
(n,k) = — (-!—) (1
+
-) . 
n
 n!(k-l)! 1+ñ/k к 
For the two independent parameters one usually chooses the average ñ and a 
shape parameter k. 
In the limit к -» · the negative binomial reduces to the Poisson 
distribution 
P
n
 = е"
й
 ñn/n! . 
If к is a negative integer, the negative binomial becomes a (positive) 
binomial distribution. 
The negative binomial distribution has the following properties. 
1. Suppose ni and np are both distributed according to a negative binomial, 
with parameters ñ^ .ki and ^2^2, respectively, and that ñ^/k^=ñ2/^2 
holds. If n^ and np are uncorrelated, the sum n=n^+n2 is also distributed 
according to a negative binomial, with parameters ñ=ñ^+ñ2 and k=k^+k2. 
2. The negative binomial is invariant under random sampling. With this the 
following is meant. Assume that η is distributed according to a negative 
binomial with parameter к and that the sharing between two intervals A 
and В follows a (positive) binomial distribution. The number of particles 
in A and В is then again distributed according to a negative binomial 
with the same к value. 
Some useful moments of the negative binomial distribution are: 
C 2 = <n
2
>/<n>2 = (l+l/k)+l/ñ 
C3 = <n3>/<n>3 = (1+1/к)(1+2/к)+(3/й)(1+1/к)+1/й2 
Ci, = •СпЬЛп^ = (l+l/k)(l+2/k)(l+3/k)+6/ñ(l + l/k)(l+2/k) 
+
(7/й2)(1+1/к)
+
1/йЗ 
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FIVE 
BOSE-EINSTEIN CORRELATIONS 
5.1 INTRODUCTION 
Bose-Einstein statistics requires symmetrisation of the wave function of 
identical bosons. As a consequence of this quantum-mechanical requirement 
the probability for two or more identical bosons to be close in phase space 
is enhanced compared to what is expected for non-identical particles under 
the same conditions. 
The first experimental evidence for this effect in particle physics goes 
back to I960. In pp annihilation at I.05 GeV/c, Goldhaber, Goldhaber, Lee 
and Pais observed an enhancement at small angles in like sign pion pairs not 
present for unlike sign pairs. The authors attributed this effect (now 
called the GGLP effect) to the Bose-Einstein statistics appropriate to 
identical pions [1]. Later it was realised that the GGLP effect observed in 
hadronic reactions was essentially the same as the second order interference 
phenomenon of photons, proposed by Hanbury Brown and Twiss in 195^ and 
successfully employed to determine the diameter of stars and radio sources 
in the universe by measuring the intensity correlations between separated 
telescopes [2]. Likewise, in particle physics, elementary considerations 
indicate that Bose-Einstein correlation between identical particles would 
reveal the space-time structure of the region from which the particles 
originate [3.Ό· Since then, Bose-Einstein correlations have been studied in 
hadron-hadron interactions, e.g. [5-8], e+e~ annihilations [9-12], lepton-
hadron interactions [13], hadron-nucleus interactions, e.g. [6] and nucleus-
nucleus collisions, e.g. [14-15]. Reviews are given in [16-20]. The radius 
of the particle emission source is determined to be about 1 fm for particle 
collisions and up to several fm for nuclear collisions. In most experiments, 
the effect has been studied for pions, but also kaons have been used [8b]. 
Here we report on a study of the Bose-Einstein .interference effect for 
pions produced in n+p and K +p collisions at 250 GeV/c. In the following 
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section the relevant parametrisations of the interference effect are 
reviewed. The data sample and the procedure are described in sect. 5.3· 
Results are presented in sect. 5·'*. with a discussion and conclusions given 
in sect. 5·5· The problem of the reference distributions is discussed in the 
appendix. 
5.2 THE INTERFERENCE EFFECT 
Consider two identical pions produced incoherently at space-time points Хд 
and Xg with four momenta Pj and p^. respectively, and assume that the pions 
can be described by plane wave functions. Since the two pions are assumed to 
be identical bosons and the observer cannot decide from which point a 
particular pion has been emitted, the wave function describing the two pion 
system has to be symmetrised, and reads 
1 
ψ
 = ^  <
T1A f2B+flBT2A> · 
where •<д is the wave function for a pion produced at хд and traveling to 
detector 1, and so on. The probability density І=ІТІ takes the form 
^ E = 1 + C0S[(Pi-P2^ ' (χΑ"χΒ^ ' ^ 5· 1) 
Igg is a function of the four-momentum difference of the bosons and is 
characterised by the space-time distance between their production points as 
a parameter. The Bose-Einstein ratio R is defined as R=lBE/'^ref · w h e r e Iref 
refers to a reference of non-identical pions, which equals unity since no 
symmetrisation is needed. Assuming that the particles are emitted 
simultaneously (At=0), eq. (5.1) reduces to Ідс=1+соз(Ар · Ax) and it can be 
seen that the momentum difference Ap probes the source dimensions in a 
direction parallel to Ap. When generalising from two point sources хд and xg 
to a distribution of pion production points χ described by a function f(x), 
R takes the form 
H(p1.P2) = 1 + |F[f(x)]|2 . 
where F[f(x)] is the Fourier transform of f(x). 
In experiments, one studies the ratio R of the frequency distribution of 
identical pion pairs and that of some reference sample free of the 
interference effect, as a function of the difference in four momentum Ap. In 
this way one can, in principle, probe the space-time structure of the 
source. In practice, a particular parametrisation of the Bose-Einstein 
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effect is used and a characteristic parameter, like the radius of the 
source, is extracted from the data. 
A source with a Gaussian density distribution for emitting centres, yields 
as Bose-Einstein ratio 
R = 1
 +
 exp(-r2(Ap)2) , (5.2) 
where г is the rms value of the Gaussian distribution. 
Many analyses have used the Kopylov-Podgoretski parametrisation [3] 
R(qt.q0) = 1 • I
2{qtr) · (l+iq^)
2)" 1 . (5-3) 
where I(y) is the Airy function I(y)=2J^(y)/y, with JH being the first-order 
Bessel function, q »Ej-Ep and q t is the component of q=Pi-P2. transverse to 
pl + p2· i* e· 
Qt = (I (Рі-Р2)х(Рі+Р2) І/(ІР].+Р2І). 
This parametrisation corresponds to a uniform distribution of sources on a 
disk with radius r, oriented perpendicular to р^+Р2 and an exponentional 
decay function of lifetime τ. 
The parametrisations (5·2) and (5·3) are not Lorentz-invariant. In 
general, one uses the variables calculated in the centre of mass of the 
initial collision. 
In a different approach one studies the ratio R as a function of the 
squared 'four-momentum transfer' 
Q 2 = -(Рі-Рг)2 = м 2-4м
л
2
 . 
where M is the invariant mass of the pion pair. The quantity Q equals twice 
the momentum of a particle in the rest frame of the pair. A possible Lorentz 
invariant form to describe the Bose-Einstein ratio is 
R(Q2) - 1 • exp(-r2Q2) . (5Л) 
This form is often referred to as the Goldhaber parametrisation. Comparison 
with eq. (5·2) shows that this parametrisation is equivalent to the 
assumption that the spatial shape of the source is Gaussian in the centre of 
mass of the pair, where ΔΕ=0. 
In all formulae discussed so far it is assumed that one is dealing with 
identical bosons produced incoherently. For this case, a maximum value of 
R=2 for is predicted for p1=P2. compared to R=l in the absence of 
interference effects. In most experiments, the maximum effect seen is 
129 
smaller and one introduces an additional strength parameter to account for 
this. Since a coherent source gives no enhancement, the strength of the 
effect is sometimes interpreted as a measure of the incoherence of the pion 
emitters [17]. 
In the experimental study of the interference signal, a reference 
distribution is needed to normalise the signal. Ideally, it is identical to 
the like pion pairs in all aspects, except for the interference effect. In 
particular, the pairs of the reference distribution should exhibit the same 
dynamic and kinematic correlations. A number of suggestions have been 
proposed in the literature to approximate the ideal reference distribution. 
Two commonly used techniques are to mix particles from different events and 
to combine unlike sign particles from the same event. 
5.3 DATA SAMPLE AND PROCEDURE 
For the present analysis, we use the π ρ and K +p data samples of the 
experiment. The statistics of the pp sample is not sufficient for a study of 
the interference effect. 
The following restrictions are imposed on the data, in addition to the two 
'standard' cuts discussed in section 2.2.2. 
3. Only events with charged multiplicity η i 6 are accepted, the minimum 
required to yield a negative pair. 
On the track level the following two requirements are imposed. 
1. The tracks should belong to the highest quality class. This means that 
none of the quality estimators is outside the limits [21]. In addition, 
the cut on the relative momentum error Ap/p is tightened to k%. These 
cuts affect 15% of the tracks. 
2. Each track is required to have |xp| < 0.5· This cut will suppress pairs 
in the region close to the phase space limits. For the positive tracks it 
will reduce contamination from particles other than pions. 
The interference signal is studied with the following two reference 
distributions. 
1. Combinations of tracks from different events, hereafter called the 
'mixed-event reference sample'. The events are split into four classes 
according their total charged multiplicity: n=6-8, n=10, n=12 and nil4. 
For each event, a reference event is constructed with the same number of 
positive and negative tracks. Each track of the reference event is 
selected at random from a different event belonging to the same class. 
2. Combinations of unlike sign particles in the same event, hereafter called 
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the 'unlike reference sample'. 
The effectiveness of these two procedures has been investigated with a 
sample of Monte Carlo events in which the interference effect is absent. The 
results are described in the appendix. 
Part of the analysis is repeated with a subsample of tracks identified by 
ISIS (see sect. З-^.З)· The procedure is as follows. 
1. To obtain good acceptance and particle separation, the momentum of the 
tracks is required to be between 3 and 30 GeV/c. 
2. Tracks with unreliable ionisation or with less than 80 ionisation 
samplings are excluded. To the first category belong e.g. tracks in the 
beam plane. 
3. Based on the measured momentum and ionisation and the expected average 
composition of particles, the probability that a given particle is a pion 
is calculated. As a first approximation, the particle composition 0.01, 
0.80, 0.10 and 0.09 for e, π, К and p, respectively, is used for both 
charges. A particle is identified as a pion if the corresponding weight 
eq. (3.6) is higher than 0.9 end identified as not being a pion if it is 
less than 0.1. 
The reference distribution is constructed according to the mixed event 
technique. The other technique is not appropriate in this case, since the 
acceptance is different for positive and negative tracks. 
For a proper analysis of the tracks with ISIS information, the following 
additional steps are taken. 
1. To take into account the limited two-track resolution in ISIS a minimum 
distance of 2 cm at the entrance of ISIS is required for pairs from the 
same event as well as from different events. 
2. The acceptance of ISIS changes from event to event, depending on the 
position of the vertex and the beam direction. To cope with this 
situation, particles are mixed only between events with similar position 
of the vertex in the bending plane. 
5.Ί RESULTS 
The Bose-Einstein interference will only appear between pairs of identical 
particles. It is constructive for π π ,п~п~, К К and К~К~ pairs. An 
analogues effect, but destructive, is expected for fermions, like pp and pp 
pairs. One often studies the interference effect for unidentified particles, 
assuming that they mainly comprise pions. Butι the strength of the 
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interference observed is reduced with respect to the expected strength for 
pion pairs by the contamination from пК, яр, .. pairs. 
We have studied the interference effect primarily for pairs of negative 
particles, but also for particles identified by ISIS. The data presented 
correspond to the combined n+p and Κ ρ samples. 
A fraction of the observed pions are decay products of long-lived 
resonances, such as ω and τι, resulting in a large effective radius of the 
pion source. For pairs including such a decay pion, the interference effects 
are relevant only in a very small Q (or q t,q 0) range [22]. However, the 
finite momentum resolution will smear out those pairs into Q ranges with 
much larger population and the effect becomes undetectable. 
5.Ц.1 General 
In the following, we consider the interference effect between pairs of 
negative particles, representing a good approximation for n~n" pairs. 
The ratio R of the Q distribution for the negative particle pairs and 
that from pairs from the a) mixed event and b) unlike reference samples is 
shown in Fig. 5.1. As in the following, data and reference samples are 
normalised to the same number of pairs, if not already by definition (as in 
case a). A clear enhancement of pairs with low Q is observed. This 
enhancement is evidence for the occurrence of Bose-Einstein interference 
between negative pions. The relative minimum around Q =0.5 (GeV/c) in Fig. 
5.1b is due to p' decay products in the unlike reference sample. 
The data are fitted with the form 
R = Y(l+« exp(-iQ2))(l
+
6Q2), (5-5) 
based on the Goldhaber parametrisation (5·Ό· While α measures the strength 
of the effect and В the dimension of the source, Τ is an overall 
normalisation parameter and (1+eQ ) accounts for the relatively slow 
variation of R with Q 2 for Q2>0.25. Table 5.1 gives the results of the fits. 
A few remarks are in order. 
2 
In the case of the unlike reference sample, the Q range 
0.36-0.60 (GeV/c) , where the contribution of the p' decay products is 
strong in the reference sample, is excluded from the fit (Fig. 5.1b). 
The strength of the effect « is -0.4 and the effective radius measured by 
the parameter В - 16 (GeV/c) corresponds ' to г ~0.8 fm. 
1
 hc=0.197 GeV fm. 
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Figure 5·1: The ratio R as a function of Q , for negative particles, as 
obtained with the a) mixed event and b) unlike reference sample. The 
curves correspond to the best fit with parametrisation (5-5)· 
Beyond the region where the enhancement from the interference effect is 
observed, the ratio R exhibits a slow variation with Q . There is no 
theoretical argument for the assertion that the asymptotic behaviour is a 
2 2 
linear function of Q . It is possible that R varies more rapidly at low Q 
in the absence of the interference effect. This possible source of bias has 
been investigated with Monte Carlo events which do not contain Bose-Elnstein 
correlations. This is described in more detail in the appendix. 
In a separate study of the π ρ and Κ ρ sample, no significant difference 
between these samples is found; e.g. for the mixed event reference sample 
the resulting parameters are «=0.39±0.03, 8=16.1±1.9 and «=0.3110.03, 
B=13.7±2.7, respectively. 
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Table 5·1: Fit results for eq. (5.5) to the ratio R as a function of Q 
Data on negative particle pairs, shown in Fig. 5·1· 
reference 
sample (GeV/c) -2 
X2/NDF 
(GeV/c) -2 fm 
mixed event 0.35±0.02 15.2±1.2 0.937±0.0O5 0.028±0.007 112/96 O.77±0.O3 
unlike 0.38±0.01 17.7±1.0 0.99010.005 0.01010.005 112/84 0.8310.02 
Table 5·2: Fit results for eq. (5-6) to the ratio R as a function of qt. 
Data on negative particle pairs in the interval q =0-0.2 GeV, shown in Fig. 
5-2. 
reference 
sample (GeV/c) -1 (GeV/с ,-l 
X¿/NDF 
fm 
mixed event 0.ЗОЮ.03 7-010.5 0.91310.029 0.03810.047 42/36 І.ЗвіО.Ю 
unlike 0.4510.05 6.31O.I О.8281О.ОЗЗ O.I8OIO.O65 56/35 1.2410.02 
mixed event 0.2810.02 7.310.4 0.93710.005 fixed to 0 43/36 1.44l0.08 
unlike O.321O.OI 7.IIO.2 O.9291O.OO5 fixed to 0 65/36 1.4010.04 
The interference effect is also observed for positive particles. While the 
dimension of the source is similar to the one for negative particles, the 
strength of the effect is α-0.2 instead of α-0.4. The different strength 
can be explained by the bigger contamination of unequal particle pairs for 
the positives, due to protons and positive kaons. 
Alternatively to the parametrisation of eq. (5.5)1 the analysis has also 
been performed in terms of the Kopylov-Podgoretski variables q^ and q , with 
q 0 restricted to the bin qo=0-0.2 GeV. The ratio R of the qt distribution 
for the negative particle pairs and that for pairs from the reference 
samples in the interval q =0-0.2 GeV is shown in Fig. 5·2. 
The data are fitted with the form 
R = Τ (1+oc I¿(íqt))(l+«qt), (5-6) 
based on eq. (5-3) for fixed q0. Results of these fits are given in Table 
5.2. The resulting values for « are comparable with those from 
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Figure 5.2: The ratio R as a function of q t, for negative particles, as 
obtained with the a) mixed event and b) unlike reference sample. Pairs 
are in the interval q
o
=0-0.2 GeV. The curves correspond to the best fits 
with parametrisation (5.6). 
parametrisation (5.5). in particular when taking into account that α 
increases when the q 0 interval is restricted further (in the interval 
q
o
=0-0.1 GeV we find a=0.34*0.05 with the mixed event reference). The 
parameter г has a different meaning in eqs. (5.3) and (5.4) and hence cannot 
be compared directly. 
The first point qt=0-0.025 GeV/c is not shown in Fig. 5.2b. It is below 
the curve, presumably due to contamination from Dalitz pairs in the 
reference distribution. Hence, this point is excluded from the fit. 
The fit is also done with 6 fixed to zero. In this case, the resulting 
values for α and В become more similar for the two reference distributions 
(see Table 5.2). 
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5.'».г Identified Particles 
Since the Bose-Einstein interference occurs only for identical particles, 
the effect will be stronger for identified particles. In the following, 
results are presented for a clean pion sample. The identification is done 
with ISIS. Due to the limited acceptance, the number of pairs is reduced to 
15%· The reference distribution is constructed with the mixed event 
technique. 
First, we consider the interference signal in this reduced sample without 
identification. The ratio R is shown as a function of Q in Fig. 5·3β) and 
b) for the positive and negative particles, respectively. The results of the 
fits to these data with parametrisation (5·5) ere given in Table 5·3· 
Although, the restriction to a smaller part of phase space may bias the 
effective shape of the particle source, the results are compatible with the 
values obtained for all unidentified particles. 
Next, the identification is 'switched on'. The ratios obtained with pion 
pairs are shown in Fig. 5'3c) and d) for positive and negative pions, 
respectively. Results of the fits are given in Table 5·3· As expected, the 
strength of the effect has increased, especially for the positive particles 
where it has increased by almost a factor two. It is interesting to observe 
that also the fits have improved. 
The availability of identification, furthermore, allows to check if the 
interference effect is indeed absent for non-identical particles if these 
are treated as pions. Fig. 5·3β) and f) show the ratios for combinations of 
a pion with a kaon or a (anti) proton, i.e. not a pion (note, however, that 
for the Lorentz boost and the calculation of Q the pion mass is used). 
Although the errors are large, the data are indeed consistent with no 
effect. This lends support to the algorithm of combining particles from 
different events to form an uncorrelated reference distribution. 
Clearly, it would be of interest to study the interference effect for kaon 
pairs. Unf ortvinately, the statistics available so far is not sufficient for 
such an analysis. 
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Figure 5<3: The ratio R as a function of Q , for positive (а,с,e) and 
negative (b.d.f) tracks with ISIS particle identification. The plots 
correspond to pairs of unidentified paticles (a,b), pairs of pions (c.d) 
and pairs of a pion with a particle identified as not being a pion 
(e.f). The curves in (a-d) correspond to the best fits with 
parameterisation (5.5). 
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Table 5.3: Fit results for eq. (5.5) to the ratio R as a function of Q 
Data on pairs of particles with ISIS identification, shown in Fig. 5·3· 
track 
sample (GeV/c ,-2 (GeV/c) -2 
X 2/NDF 
г 
fra 
positives 0.17±0.03 21.2±7.3 0.97*0.01 
negatives 0.35±0.05 20.9±4.7 0.96±0.02 
я
+
л
+
 0.30±0.04 17.3±2.2 0.9^±0.01 
тГп" 0.Ь2±0.09 24.5±8.3 0.97*0.02 
0.0110.02 52/46 0.91±0.1б 
-0.02±0.03 Щ/Ьб 0.90±0.10 
0.05±0.03 ЗЗ/^б 0.82±0.05 
-0.07±0.0Ч st/tó 0.9810.17 
Table 5 · ^ · Fit results for eq. (5.5) of the ratio R as a function of Q , for 
selections on Ісоз І (see text). Data on negative particle pairs, normalised 
by the mixed event reference sample, shown in Fig. 5•4. 
cut β 
(GeV/c)" 
X2/NDF 
(GeV/c) -2 
г 
fm 
|созв|>0.7 0.3910.03 16.012.3 0.32^0.007 0.03710.009 92/94 0.7910.06 
0.3<lcose|<0.7 О.351О.О5 26.216.6 O.96OIO.OIO O.OI81O.OI5 88/94 І.ОІІО.ІЗ 
0.3>lcose| О.331О.04 13.HI.9 0.919±0.013 0.04810.022 94/94 О.7ІІО.О5 
Table 5.5: Fit results for eq. (5-5) to the ratio R as a function of Q , 
for selections on the charged multiplicity n. Data on negative particle 
pairs, normalised by the mixed event reference sample, shown in Fig. 5·5· 
(GeV/c ,-2 (GeV/c)' 
XVNDF 
fm 
6-8 0.4210.07 2Ο.915.2 O.9821O.OI2 
10 0.26±0.04 ІО.31З.5 O.9361O.OI8 
12 О.391О.О4 19.211.7 0.923±0.009 
% 14 О.361О.О2 ІЗ.ІІІ.9 0.92510.010 
-O.O51O.OI 76/94 O.9OIO.II 
0.0010.02 125/94 0.6310.11 
O.O51O.OI 88/94 0.8610.04 
O.O51O.OI 134/94 О.7ІІО.О5 
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5.4.3 Dependence on the Shape of the Source 
Since, the Bose-Einstein effect measures the extent of the source in a 
specific direction, namely that given by the momentum difference q=p^-P2p it 
is in principle possible to measure the shape of the particle source. As a 
first step, one measures the interference effect for subsets of the data, 
selecting pion pairs with different momentum differences q. 
Typical events are far from spherically symmetric. Following [12] we 
examine the ratio R as a function of Q for the selections lcose|>0.7. 
0.3<Ісоз І<0.7 end 0.3>Ісоз І, where θ is the angle between q, the momentum 
difference in the event frame, and the event axis. The effect is studied for 
the negative particles and normalised by the mixed event reference sample. 
The ratios obtained are shown in Fig. 5Л a), b) and c) for the different 
selections on I cose I. Results of fits to these data with parametrisation 
(5.5) are given in Table 5·^· There is no significant evidence for a 
systematic dependence of г on the angle θ. 
5.4.4 Dependence on the Multiplicity 
In the following, the dependence of the interference effect on the charged 
multiplicity of the event η is studied. The data are grouped in four 
multiplicity bins; n=6-8, n=10, n=12 and η i l4. The average multiplicity in 
the bin nil4 is I5.4. Results will be given for the negative particles, 
normalised to the mixed event reference sample. 
The ratio R, determined as a function of Q , is shown in Fig. 5·5 a-d), 
for the four multiplicity bins. Results of fits to these data are given in 
Table 5·5· The strength α and size г of the emitting region are shown as 
function of the multiplicity in Fig. 5-6. The data are consistent with 
constant values of α and r, independent of the multiplicity of the event. 
The same conclusion is reached when using the unlike reference sample and 
with the parametrisation in terms of the q t and q 0 variables. 
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Figure 5Л: The ratio R as a function of Q , for negative particles, 
with the Ісоз І selections as indicated. Data are normalised by the 
mixed event reference sample. The curves correspond to the best fits 
with parametrisation (5.5). 
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Figure 5·6: The a) strength « and b) size r, based on parametrisation 
{5·^), as a function of the charged multiplicity n. 
5-5 DISCUSSION AND CONCLUSIONS 
We have studied two-pion correlations in π +ρ and K +p interactions. An 
enhanced production of pairs of like sign pions has been observed at small 
momentum difference, and is attributed to Bose-Einstein interference between 
identical particles. No significant difference between л+р and K+p 
collisions is found. We have determined the strength of the effect and the 
size of the emitting region and investigated the dependence on the shape of 
the source and on the multiplicity of the final state. 
In comparing the results obtained by different experiments, one should 
keep in mind that, in general, experimental conditions are different, 
different techniques are used in constructing the reference distributions 
and sometimes ad-hoc corrections are applied to correct for experimental 
shortcomings. 
In hadron-hadron experiments, the enhancement is usually parametrised in 
terms of the Kopylov-Podgoretski variables q t and cu. With this 
parametrisation, our value for the size of the emitting region г is about 
1.4 fm. Other hadron-hadron experiments have found similar values. Most of 
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the reported values are in the range 1.1-1.8 fm, a reasonable average seems 
to be 1.5 fm, and no clear energy dependence is seen up to the highest 
energy /s=63 GeV reached so far [5,6,8,16]. Also for e+e~ annihilations such 
values (1.3±0.1 fm) have been reported [10,12] when using parametrisation 
(5.3). 
Our data can also be described by the Lorentz invariant parametrisation 
(5·Ό· This form is commonly used in e e" annihilation experiments, which 
find values in the range г = 0.7-0.9 fm [9-12,20], in good agreement with 
our results. Furthermore, similar values (О.5-О.8 fm) are reported for 
lepton-hadron collisions [13]. We can conclude that the parameter г depends 
on the parametrisation, but, within the systematical uncertainties, not on 
the type of collision. 
The smaller values of the source radius in the Lorentz invariant 
parametrisation (5·Ό i n comparison to parametrisation (5·3) are due to the 
different forms employed in the fit. In [5A) the radius is the rms of the 
spatial Gaussian distribution in the rest frame of the pion pair, whereas 
for (5.З) it refers to an emitting surface of spherical shape in the event 
frame. 
The strength of the effect is found to be α - 0.4. Our value is 
comparable to the ones obtained by other hadron-hadron experiments when 
using reference distributions based on the mixed event or unlike reference 
techniques. Those values are in the range « = 0.3-0.5 [5.7.8]. Significantly 
higher values are quoted [5.6], in some cases even above 1, when using a 
reference distribution based on the shuffling of transverse momenta. This 
might be an artefact of this technique (see addendum). 
The strength found for e+e~ annihilation is in the range « = 0.4-0.7 
[9-12,18], usually obtained after applying various ad-hoc corrections. 
Several authors have argued that it is premature to associate the existence 
of coherent states with the fact that the strength observed in experiments 
is, in general, smaller than the theoretical maximum of 1 [5,10-12]. 
We have found no significant evidence for a dependence of the emitting 
region on the angle between the event axis and the momentum difference 
within the pair, measured in the event frame. A similar conclusion has been 
reached for е + ~ [12] and lepton-hadron [13] collisions. 
The radius of the emitting region for collisions of two heavy nuclei is 
found to be several fm and increasing with the multiplicity of the final 
state [14,15]. The AFS experiment has investigated «a collisions at /s=126 
GeV and pp as well as pp collisions at /s=53 GeV and /s=63 GeV [8]. The 
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authors have found that the radius increases with multiplicity, 
independently of the incident particle type. More precisely, the increase 
for |y| < 1.0 is about Ц0% when the average multiplicity in this rapidity 
interval is raised from Ί to 8. A parametrisation in terms of the 
Kopylov-Podgoretski variables is used. The increase of г has been 
interpreted [23], by relating the radius г to the size of the overlapping 
region of the two colliding particles; a large overlap should imply a large 
multiplicity. Note, however that the evidence for a multiplicity dependence 
in the pp and pp data only, is less clear, taking into account the errors. 
Results from hadron-nucleus interactions has shown no dependence on 
multiplicity [6]. Results from e e~ experiments are consistent with no 
multiplicity dependence [10,11]. Equally our results for meson-proton 
interactions at Js=22 GeV indicate no dependence on the multiplicity. Here, 
the multiplicity refers to the number of charged particles of the full 
event. If an impact parameter dependence plays a role in hadron-proton 
collisions as it does in nuclear collisions, it does not seem at work our 
energy yet. However, in view of the uncertainties involved, further studies 
on both hadron-hadron collisions and e+e~ annihilations are needed before 
reaching a firm conclusion on the multiplicity dependence. It is possible 
that the multiplicity dependence seen in the AFS experiment is related to 
their restriction to a small central rapidity interval. 
Recently, Bose-Einstein correlations have been introduced in string models 
[24-25]. In such models an ordering in space-time exists of the hadron 
momenta within a jet. Then, interfering bosons, i.e. bosons close in phase 
space are nearby in space-time and hence lead to a relatively small 
longitudinal dimension of the local pion emission region, as observed. 
Comparison of string model predictions with data on e+e~ annihilations has 
shown that they can account well for most features of these data [12]. 
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APPENDIX 
ON REFERENCE DISTRIBUTIONS 
In this appendix we comment on the reference samples used to normalise the 
interference effect. One way to investigate the effectiveness of the 
procedure to construct a reference distribution, is to apply this procedure 
to a sample of generated events not containing Bose-Einstein interference. 
Monte Carlo programs based on the Lund fragmentation scheme are well suited 
for this purpose, since this scheme includes a simulation of resonances and 
energy-momentum conservation effects, but does not include interference 
effects. 
We have generated a sample of я+р and K+p events, I5OOOO events each, 
according to the two-string Dual Parton Model with Lund fragmentation (see 
sect. 4.7.I). The same cut on multiplicity (n>6) and x F of the tracks 
(Ixpl <0.5) is imposed on the generated events as on the data, and all 
particles except slow protons are treated as pions. No further detector 
simulation is done. 
The ratio predicted for negative particles is shown in Fig. 5·7 as a 
function of Q . Normalisation is done to the a) mixed event and b) unlike 
reference sample. These ratios should be compared with the data in Fig. 5·1· 
2 
No strong signal at low Q is seen in the Monte Carlo events. The 
interpretation of the enhancement at low Q in the data in terms of 
Bose-Einstein interference is, therefore, supported. 
However, there is structure seen in the ratios obtained from the Monte 
Carlo events, which deserves some comments. In case of normalisation with 
the mixed event reference sample, a small positive correlation at low Q is 
observed. This can be attributed to resonance decays, dominantly η'+π π~η 
followed by п-»п п'я' , producing two n" from a small Q-value decay. A small 
negative correlation is seen for the unlike reference at low Q . This is 
caused domlnately by л, n' and ω decays in the reference distribution. In 
addition, a reflection of the ρ· is clearly seen at Q 2 -O.5 (GeV/c)2. 
We have made no attempt to correct the data with the Monte Carlo ratios, 
since it is not known to what extent resonance production is correctly 
described by the Monte Carlo and it is not evident that the interference 
effect factorises with the other correlations. It is known that n' 
production is strongly overestimated in Lund fragmentation [26]. Let us note 
that the results obtained with the two reference distributions without Monte 
Carlo corrections are consistent (see sect. 5.k.l). 
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Figure 5.7: The ratio R for as a function of Q2, for negative particles, 
obtained from Monte Carlo events. Normalisation by the a) mixed event 
and b) unlike reference sample. 
The ratios obtained for the negative particles as a function qt (in the 
interval q
o
=0-0.2 GeV) are shown in Fig. 5·8. These are to be compared with 
the data shown in Fig. 5.2. Also here, the two reference distribution are 
reasonably suited for the extraction of the interference effect. 
Finally we want to comment on a third procedure to construct a reference 
distribution. Here, the momentum components transverse to the event axis are 
'shuffled'. One can then form the reference distribution by combining 
reshuffled unlike sign particles, or reshuffled like sign particles. In 
particular, this technique has been used in some experiments to obtain the 
ratio as a function of qt [5,6,11]. 
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Figure 5.8: The ratio R for as a function of qt, for negative particles, 
obtained from Monte Carlo events. Normalisation by the a) mixed event 
and b) unlike reference sample. Pairs are in the interval q =0-0.2 GeV. 
Figure 5.9 shows the ratio obtained from the Monte Carlo events for the 
negative particles as a function of q t (in the interval q 0 = 0-0.2 GeV). The 
exact procedure to obtain the reference distribution is the following. 
First, the two components of the transverse momentum are randomly and 
separately interchanged between the particles, irrespective of their charge. 
Combinations are formed between the unlike particles. Then the 
transformation to the overall centre of mass is done. From Fig. 5·9ι it can 
be seen that this reference distribution causes an artlfical enhancement at 
low q t. If one does reshuffling of the transverse components after the 
transformation to the overall centre of mass, which might be more natural 
intuitively, the enhancement becomes even stronger. This suggests that, at 
least for our energy, the shuffling technique is not well suited to 
14? 
construct a reference distribution. It is, therefore, not used in our 
analysis. 
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Figure 5.9: The ratio R for as a function of qt, for negative particles, 
obtained from Monte Carlo events. Normalisation by the shuffled 
reference sample. Pairs are in the interval q =0-0.2 GeV. 
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SUMMARY 
This thesis describes a number of aspects of multiparticle production in 
π ρ, Κ ρ and pp collisions at an incident beam momentum of 250 GeV/c. The 
corresponding centre of mass energy is 21.7 GeV. 
The experimental data have been collected with the European Hybrid 
Spectrometer at CERN. This detector comprises a bubble chamber as target and 
vertex detector, and a spectrometer for further detection of the fast 
produced particles. Hence, data are stored on film and magnetic tape. With 
this detector one achieves a precise momentum determination of charged 
particles over the full 4п solid angle and particle identification over 
almost the entire momentum range. In total, 7'Ю-* triggers have been 
recorded in the experiment. After measurement of the events on film, this 
information is merged with the electronic data and the events are 
reconstructed on a computer. At present, a sample of 8·10 successfully 
reconstructed events is available. The experimental set-up and data 
processing chain are described in chapter 2. 
Chapter 3 concerns the methods used for the charged particle 
identification in the experiment. The performance in terms of acceptance and 
particle identification is discussed for each of the devices SAD, ISIS, FC 
and TRD. These devices contribute in that order to the identification at 
increasing particle momentum. SAD and FC are Cerenkov counters, ISIS is a 
large volume pictorial drift chamber sampling the ionisation of each track 
many times and TRD measures the transition radiation of a track. The 
particle identification is studied with a sample of tracks of known mass. In 
particular ISIS and TRD are well enough understood to be used in the physics 
analysis. 
The analysis of the properties of the particle collisions starts in 
chapter Ц. Here, a study of the multiplicity distribution in phase space 
intervals is presented. This analysis is done for the non-single-diffractive 
n
+p and pp collisions. In general the data can be well described by negative 
binomial distributions. This holds in particular for central regions of 
151 
rapidity. However, also indication is seen for the existence of correlations 
in the data beyond those already absorbed into negative binomials. It is 
shown that the interpretation of the negative binomial distribution in terms 
of a cascading rather than the stimulated emission mechanism is favoured. 
The data are, furthermore, compared with results at other energies and 
another type of collision. 
As a consequence of the requirement of a symmetric wave function for 
identical pions, the probability for two identical pions to be close in 
phase space is enhanced compared to what is expected for non-identical 
particles under the same conditions. These Bose-Einstein correlations are 
studied in chapter 5 for the combined π+ρ and Κ ρ sample. In particular, we 
have studied the interference effect with different reference samples and 
using different parametrisations of the effect. The results on the size of 
the pion emitting region are in good agreement with those from other 
hadron-hadron experiments (using the Kopylov-Podgoretski parametrisation) on 
one hand and e +e" annihilations (using the Goldhaber parametrisation) on the 
other. Within the errors, no multiplicity dependence for the size of the 
source is found. 
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TITEL EN SAMENVATTING 
MULTIPLICITEITEN IN FASE RUIMTE INTERVALLEN 
EN BOSE-EINSTEIN CORRELATIES 
IN HADRONISCHE INTERACTIES BIJ 250 GeV/c 
In dit proefschrift beschrijven we een studie van enkele aspecten van 
deeltjes productie in π+ρ, K+p en pp botsingen bij een inkomende 
bundelimpuls van 250 GeV/c. De corresponderende zwaartepunts-energie is 21.7 
GeV. 
De experimentele gegevens zijn verkregen met de Europese Hybride 
Spectrometer bij het Super Proton Synchrotron van CERN te Genève. Deze 
detector bestaat uit een bellenvat, fungerend als trefschijf en vertex 
detector, en teller apparatuur voor verdere detectie van de geproduceerde 
snelle deeltjes. De experimentele gegevens zijn opgeslagen op film en 
magneetband. Een belangrijke eigenschap van de detector is dat het momentum 
van de bij de interactie geproduceerde geladen deeltjes over de gehele 
ruimteboek met goede nauwkeurigheid kan worden bepaald. In totaal werden 
7•10-' reacties geregistreerd. Ongeveer een derde hiervan correspondeert met 
een interactie in het bruikbare volume van het bellenvat. De foto's van deze 
interacties worden opgemeten. Op basis van deze metingen en de bij de 
interactie behorende electronische gegevens worden vervolgens de interacties 
gereconstrueerd. Het huidige aantal gereconstrueerde interacties is 8·10 . 
De experimentele opstelling en reconstructie procedure worden beschreven in 
hoofdstuk 2. 
Hoofdstuk 3 gaat nader in op de gebruikte methodes voor de geladen 
deeltjes identificatie in het experiment. De EHS detector is uitgerust met 
SAD, ISIS, FC en TRD, welke in deze volgorde bijdragen aan de identificatie 
van deeltjes met toenemend momentum. SAD en FC zijn Cerenkov tellers, ISIS 
is een grote driftkamer die de ionisatie van elk spoor vele malen meet en 
TRD meet de overgangsstraling van de deeltjes. We bespreken de acceptantie 
en de kwaliteit van de identificatie voor ieder van deze detectoren. 
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Hoofdstuk 4 is gewijd aan de studie van de multipliciteits verdeling in 
verschillende fase ruimte intervallen. Deze analyse is gedaan voor de 
niet-enkel-diffraktieve π ρ and pp interacties. De data kunnen in het 
algemeen goed worden beschreven met de negatieve binomiaal verdeling. Dit 
geldt in het bijzonder voor centrale gebieden in rapiditeit. Echter, er is 
ook een indicatie voor correlaties in de data bovenop die welke zijn omvat 
in de negatieve binomialen. Er wordt aangetoond dat de interpretatie van de 
negatieve binomiaal verdeling in termen van een cascade process is te 
verkiezen boven een gestimuleerd emissie mechanisme. De data worden verder 
vergeleken met resultaten bij andere energieën en een ander type 
interacties. 
Bose-Einstein statistiek vereist symmetrisatie van de golf functie voor 
identieke pionen. De waarschijnlijkheid voor twee identieke pionen dicht bij 
elkaar in fase ruimte is als consequentie hiervan verhoogd in vergelijking 
met hetgeen verwacht wordt voor niet identieke deeltjes onder dezelfde 
condities. Deze Bose-Einstein correlaties worden bestudeerd in hoofdstuk 5 
voor de л ρ en Κ ρ interacties. In het bijzonder hebben we het interferentie 
effect bestudeerd met verschillende manieren om de referentie verdeling te 
construeren en met verschillende parameterisaties van het effect. De 
resultaten van de afmeting van het pion emissie gebied zijn in goede 
overeenstemming met die van andere hadron-hadron experimenten (met de 
Kopylov-Podgoretski parameterisatie) aan een kant en e+e~ annihilaties (met 
de Goldhaber parameterisatie) aan de andere kant. Er is, binnen de fouten, 
geen multipliciteits afhankelijkheid gevonden voor de afmetingen van de 
bron. 
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